1. Introduction {#sec1}
===============

Colloidal synthesis has been the mainstay of the wet chemical synthetic strategies used to create nanoscale materials of a broad range of inorganic compounds exhibiting remarkably narrow size distribution, rationally tunable morphology, stoichiometric composition variation, charge carrier doping, and tailored surface chemistries.^[@ref1]^ This surfactant-assisted precision synthesis protocol, first described during the mid-1990s,^[@ref2]^ provides the most versatile set of nanoscale materials which have been exploited in varied applications ranging from thin film devices (through photovoltaics, digital displays, optoelectronics) to nanomedicine (imaging and theranostics). The versatility of the colloidal synthesis stems from the fact that it routinely produces modular nanocrystals (NCs) in the essentially "free" colloidal disposition (stabilized by the surfactant layer on their surfaces). This enables solution processability and hence easy integration into various geometries like thin film device architectures and bulk polymer matrices. This specific set of features, however, is hardly attainable from physical methods like e-beam lithography or molecular beam epitaxy which are otherwise known to produce high-quality nanostructures but at a very high operational cost and restricted solution processability.

Over the past 25 years (and counting), the complexity of the NCs produced through colloidal synthesis has expanded by leaps and bounds, both compositionally and morphologically. Exotic shapes and heterostructuring such as Cu~1.94~S-CuS nanodumbbells,^[@ref3]^ M--Pt--Fe~3~O~4~ (M = Au, Ag, Ni, Pd) heterotrimers,^[@ref4]^ octapod-shaped CdSe(core)/CdS(pods) NCs,^[@ref5]^ etc., all illustrate the morphological prowess of the colloidal technique. A number of synthetic methods for preparing colloidal NCs are available, major ones being coprecipitation in aqueous phase, reverse micelle templating technique, solvothermal synthesis, and surfactant-assisted growth in a hot organic solvent (or mixture of solvents).^[@ref6]^

Considering that nanochemistry aims at developing synthetic protocols that are capable of producing large quantities of stable NCs with tunable size and shape, a rational design and optimization of the synthetic protocols and a rigorous understanding of the growth mechanism are of paramount importance. To this end, numerous research groups have made substantial efforts toward elucidating the nucleation and growth processes of colloidal NCs. Furthermore, the excellent control over the growth of NCs is generally accomplished by the use of surfactants possessing long alkyl chains which serve the dual role of complexation agents to the metal precursors and the eventual surface ligands to the NCs. Despite this level of control over the growth of NCs and their ease of use as printable inks for optoelectronic devices achieved through the surfactants, the very same molecules serve more as a hindrance toward charge hopping between NCs in a film leading to poor device performance.^[@ref7]^ A range of new ligand strategies had been explored recently just to address this specific challenge to minimize the interparticle spacing for enhanced carrier transport and achieve complete passivation of the NC surface for reducing defect state recombination losses. A favored pathway for displacing these surfactants has been through postsynthetic ligand exchange strategies whereby they are replaced by shorter molecules, even single atoms/ions. These considerations need an understanding of the processes taking place at the nanoscale surfaces, and it is only been until recently that researchers have come to fully appreciate the factors affecting them.

The growth of NCs occurs in a rather complex mixture of salts and surfactants, and hence, it is often not possible to separate the influences of different reactants. Nevertheless, over the course of several years, numerous reports have surfaced which have made an effort to unravel these complex intricacies. The role of foreign chemical moieties in such a scenario then becomes crucial even if they are present in minute quantities. For instance, designing the growth of a highly faceted NC involves understanding the surface energies of crystal facets a few nanometers across and their interactions with other chemical entities. Halide ions/atoms are one such chemical entity that are perfectly poised to interfere with the synthesis and processing of inorganic NCs, mostly due to their ubiquitous nature and high electronegativities. Ignoring or eliminating the influence of halide ions is difficult since they are often present, in trace amounts, as adsorbed species on the glassware and/or the magnetic stir bar as it is a general practice in many laboratories to wash them with the aid of hydrochloric acid (the quintessential "acid bath"). They are often present as counterions of the metal salt used in the synthesis, e.g., CuCl~2~ is a common precursor for copper chalcogenide NCs, while Au NCs are almost always produced from chloroauric acid (HAuCl~4~). Halide counterions in NC synthesis often show up on the NC surface as has been recently demonstrated for HfO~2~^[@ref8]^ and InP NCs.^[@ref9]^ It is common knowledge in the case of NC synthesis that changing the counterion changes the final product in terms of phase, morphology, and even composition. Of all the common counteranions like acetate (OAc^--^), nitrate (NO~3~^--^), etc., halide ions exhibit the most intriguing results since they show the highest reactivities of all the metal salts owing to their highly ionic nature. Also, halide ions can be contained, in trace amounts, in the surfactants used in the synthesis,^[@ref10]^ and even in the solvents used in the workup step.^[@ref11]^

Exploring the influence of halide ions on the growth of inorganic NCs and the effect they exert on their surfaces then becomes an important research aspect in the case of colloidal NCs. This further leads to improved understanding of the resulting optoelectronic properties of the NCs and finally to better performing NC thin film devices. Factors like this have made halide ions come under intense scrutiny very recently, as can be judged by the breadth of the literature covered in this review. The inclination to exploit halide ions stems from the fact that they are single-atom ligands for a NC surface with a strong affinity toward metal cations which are known to populate the surface of a binary semiconductor or oxide NC. However, despite the fact that they are almost ubiquitous in synthesis protocols, it has been only recently that halide ions are being considered an important player in influencing the growth and surface functionalization of inorganic NCs (post-2005).

The above considerations merit a comprehensive treatment on this subject which so far has been lacking in the literature. Recent review articles, such as that by Juarez and Lohse, have attempted at giving an outlook on the influence of halide ions on the synthesis of semiconductor and metal NCs, respectively.^[@ref12],[@ref13]^ However, we aim to go beyond the conventional wisdom to paint a unifying picture that can be put to good use by a practicing nanochemist in designing more focused NC synthesis and functionalization strategies. The seemingly unconnected reports in the literature give rise to chemical trends having underlying principles common to all classes of nanomaterials, and we aim to demonstrate the same to the reader by furnishing an updated account of research in this area and by finally providing a thorough outlook.

In general, halide ions are important surface active species which influence colloidal NC growth and affect the resulting physical properties through their presence on the NC surface. They can undergo selective binding on the crystal facets, form strong complexes with the precursors, or participate in oxidative etching during synthesis. On the other hand, they can modify the intrinsic electronic structure of semiconducting NCs through their presence on the NC surfaces. Hence, the first section of the Introduction ([section [1.1](#sec1.1){ref-type="other"}](#sec1.1){ref-type="other"}) will be devoted to the discussion of these mechanisms. We will treat this subject in two broad areas: those where halide ions influence (i) growth kinetics ([section [1.1.2](#sec1.1.2){ref-type="other"}](#sec1.1.2){ref-type="other"}) as surface active species and/or complexing agents of the atoms/ions involved in the growth of colloidal inorganic NCs together with organic surfactants and (ii) the ligand shell ([section [1.1.3](#sec1.1.3){ref-type="other"}](#sec1.1.3){ref-type="other"}) as short ligands in postsynthesis approaches to ensure electrical accessibility of NCs. The use of halide ions in postsynthesis processing of NCs comes from the consideration that such ions, if incorporated in the ligand shell, can be seen as the shortest X-type ligands which is bound to facilitate charge transport between the NCs.

In order to set the stage for the above discussions, the review starts by revisiting the general nature and chemical aspects of halide species and their interaction with bulk metallic and semiconductor surfaces ([section [1.1.1](#sec1.1.1){ref-type="other"}](#sec1.1.1){ref-type="other"}). While there are numerous experimental data (from both experimental and computational works) on metal and group IV semiconductors surfaces, much fewer investigations have addressed the III--V semiconductors, and basically no experimental works exist on bulk II--VI and IV--VI semiconductors. This is likely related to the progressive difficulty in obtaining stable and clean surfaces for the latter materials. Overall, these studies of bulk surfaces reveal interesting insights on the way halide species can interact with surface atoms.

Thereafter, the concepts and factors related to the kinetics and thermodynamics of colloidal NC growth relevant to the influence of halide ions are presented in [section [1.1.2](#sec1.1.2){ref-type="other"}](#sec1.1.2){ref-type="other"}. A brief overview of NC surface chemistry is also included in [section [1.1.3](#sec1.1.3){ref-type="other"}](#sec1.1.3){ref-type="other"} (halide ions in NC ligand shell) in order to give the reader an idea about the halide binding on NC surfaces. The contents of [sections [1.1.2](#sec1.1.2){ref-type="other"}](#sec1.1.2){ref-type="other"} and [1.1.3](#sec1.1.3){ref-type="other"}, which discuss the key halide influences on NCs, are presented in the light of the insights obtained from earlier bulk studies ([section [1.1.1](#sec1.1.1){ref-type="other"}](#sec1.1.1){ref-type="other"}). These considerations are then followed into [section [1.2](#sec1.2){ref-type="other"}](#sec1.2){ref-type="other"}, where the influence of halide ions as part of the crystal stoichiometry is dealt with, with major emphasis on spectral tunability through halide composition variation ([section [1.2.1](#sec1.2.1){ref-type="other"}](#sec1.2.1){ref-type="other"}). Having provided these tools to the reader, the subsequent sections delve more specifically toward illustrating the applicability of these concepts to a wide range of nanomaterials classes. The further subdivision into metal ([section [2](#sec2){ref-type="other"}](#sec2){ref-type="other"}), semiconductor ([section [3](#sec3){ref-type="other"}](#sec3){ref-type="other"}), metal oxide ([section [4](#sec4){ref-type="other"}](#sec4){ref-type="other"}), and metal halide NCs ([section [5](#sec5){ref-type="other"}](#sec5){ref-type="other"}) was necessary since the surface chemistry of the NCs vary depending on the composition and hence the influence of halide ions on them. Also, the synthetic chemistry is very different in these classes of NCs, and halide ions show slightly different dynamics, albeit of the same fundamental origin. Finally, we wrap up with closing thoughts in the outlook ([section [6](#sec6){ref-type="other"}](#sec6){ref-type="other"}), where we speculate future research directions and how the question of halide ions can be an important one in varied chemical environments involving materials.

1.1. Halide Ions as Surface Active Species {#sec1.1}
------------------------------------------

### 1.1.1. Interaction with Bulk Surfaces {#sec1.1.1}

Since the key manner by which halide ions influence NC growth and their physicochemical properties is through their binding to the NC surfaces, a prologue based on halide binding on bulk crystal surfaces will serve us to understand the microscopic origins of these effects. In fact, the focused attention toward the effect of halide ions on NC growth stems from the availability of a vast pool of prior research on bulk surfaces that largely formed the basis for understanding the interaction of halide ions with "nanoscale" surfaces in turn.

#### On Bulk Metal Surfaces {#sec1.1.1.1}

The halide--metal bonding is an important consideration in this scenario since, as we will see below, that defines most of the processes that govern the interaction between halide species and surfaces. Interaction between the bulk metal surface and the halide species is generally modeled in the realm of electrochemistry, and this viewpoint is especially useful to draw parallels with colloidal nanochemistry. This is so because, in the solution growth and manipulation of NCs, the interface between the NC surface and the solvent (containing a complex mixture of salts and surfactants) can be likened to that between a metal electrode and an electrolyte solution. The metal--electrolyte interface is characterized by the presence of an electric double layer where the electronic charge on the metal surface is counterbalanced by the opposite charges in the vicinal solution. Similarly, in colloidal nanochemistry, the surface active halide species act on the NC surfaces through their presence in the solution in close proximity to these surfaces.

The electronegativities of halides vary in the order F \> Cl \> Br \> I, while the covalent or ionic radii follow the opposite sequence. An obvious extension of this fact is that most effects due to halide species also follow a similar progression. For instance, the anion of the most electronegative halide species, fluoride (F^--^), has a strongly bound solvation shell and hence interacts with the electrode surface through a purely electrostatic interaction. On the contrary, the other halide species like chloride (Cl^--^), bromide (Br^--^), and iodide (I^--^) exhibit weakly bound solvation shells, part of which can be stripped in order to form a direct chemical bond with the metal surface. The direct consequence of these factors is that in the case of tightly bound solvation shells like that for F^--^, the excess ion concentration at a metal surface is independent of the chemical nature of the ionic species and solely depends on electrostatic considerations. The direct chemical bonding by Cl^--^, Br^--^, and I^--^, on the other hand, results in ionic surface concentrations exceeding that given due to just the electrostatic interactions.^[@ref14],[@ref16],[@ref18]^ This is known as specific adsorption and was first observed in the case of Hg electrodes.^[@ref17]^

Surface coverage due to specific adsorption of ions can be considerably larger than that for nonspecific adsorption. This leads to the formation of ordered and close-packed adlayer structures of specifically adsorbed ions on the metal surfaces. In connection to this, the most extensively studied class of specifically adsorbed anions is actually the halide ions due to their simple monatomic structure and ubiquitous nature.^[@ref17]^ The specific adsorption of an ion is heavily dependent on the solvation energy with greater specific adsorption exhibited by the ion with lesser ion--solvent interaction. For halide ions, the ion--solvent interaction decreases in the order F^--^ \> Cl^--^ \> Br^--^ \> I^--^.^[@ref14]^ At a constant ionic charge, the larger the size of the ion, the lesser is the ion--solvent interaction, which correlates well in this particular case ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a).^[@ref14]^ Consequently, the degree of specific adsorption increases in the order F^--^ \< Cl^--^ \< Br^--^ \< I^--^.^[@ref15]^ This means that F^--^ exhibits a weakly specific or nonspecific adsorption, and this manifests in the domain of colloidal NC chemistry as the scarcity of reports on the effect of F^--^ ions in metal NC growth and surface properties.

![Specific adsorption and ordered halide adlayer formation. (a) Specific adsorbability (σ~1~) as a function of the ionic radius (*r*~i~) for selected ions at the "potential of zero charge".^[@ref14]^ Reprinted by permission from ref ([@ref15]). Copyright 1980 Springer International Publishing AG. (b) Ordered Br adlayer structure on Au(111).^[@ref16]^ Reproduced from ref ([@ref17]). Copyright 2002 American Chemical Society.](cr-2018-00158z_0001){#fig1}

The study of the ordered halide adlayers on single-crystal metal surfaces is still a burgeoning area of research. Numerous research groups have reported their in situ studies on metals crystallizing in the face-centered cubic (fcc) structure such as noble metals like Au, Ag, Pt, Pd, Cu, Ni, Rh, etc.^[@ref17]^ Two competing interactions come into play in the observed halide adlayer structures: adsorbate--adsorbate and adsorbate--substrate interactions. The adsorbate--substrate interactions do not seem to stabilize the ordered halide adlayer structures since the disordered adlayer structure was never found in coexistence with the ordered phase. This indicates that the ordered phase is exclusively stabilized by the repulsive adsorbate--adsorbate interaction. However, the potential range of the ordered phases depends on the strength of the metal--halide interaction and the "potential of zero charge" of the metal surface. For instance, halides form predominantly close-packed hexagonal adlayer structures on the hexagonally packed (111) surfaces of fcc metals ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), indicating the isotropic adsorbate--adsorbate interactions.^[@ref16]^

These ordered adlayer structures have significant implications on the electrochemical reactivity of a metal surface, particularly in deposition and etching. The specifically adsorbing anions, especially those that form complexes with the metal ions, strongly influence the electrochemical deposition and dissolution kinetics through the formation of an adsorbed intermediate.^[@ref19]^ A preadsorbed monolayer of these anions on the electrode surface also significantly influences the continuous faradaic reactions, e.g., as has been demonstrated in the case of Pd dissolution by iodine in a halide-free electrolyte.^[@ref20]^ On the contrary, the opposite effect involving a reduced reaction rate due to blocking of reaction sites by these specifically adsorbed anions can occur as well. Examples include inhibition of oxygen reduction on Au, Ag and Pt surfaces.^[@ref21],[@ref22]^ Apart from these, the kinetics of electrochemical reactions is also altered due to the changes in the potential distribution in the double layer because of the presence of specifically adsorbed anions.^[@ref17]^

#### On Bulk Semiconductor Surfaces {#sec1.1.1.2}

Although halide binding to bulk metal surfaces shows some remarkable characteristics, the same on bulk semiconductor surfaces has profound effects on the intrinsic electronic structure and the consequent physical properties. This happens due to the fundamental differences in the nature of the electronic states of the surface atoms in the two cases.^[@ref23]^ For metals, the surface electronic states are spatially extended and can be easily shared with the incoming adsorbate moieties while significantly affecting the structure of these species as they move toward the metal surface. On the contrary, surface electronic states in semiconductors tend to be spatially localized, and bonding with incoming adsorbate moieties is essentially covalent. In general, many technologically relevant processes proceed through reactions on semiconductor surfaces, e.g., dopant incorporation, epitaxial layer growth, etc. Consequently, a fundamental topic of interest in the surface science of semiconductors comprises of elucidating the chemistry of the adsorbate binding event and its implications on the electronic structure and physical properties of the semiconductor.^[@ref24]^ This, in turn, affects the performance of semiconductor devices, especially for those fabricated from nanostructures since they necessitate high local control over surface properties.

Halogens form strong monovalent and directional bonds to semiconductor surfaces and hence are ideal for structural studies.^[@ref25]^ Moreover, the high electronegativities exhibited by them leads to appreciable levels of charge transfer during bonding/adsorption which facilitates their study by surface-sensitive techniques. Usually the first step toward studying semiconductor surface chemistry involves preparing stable surfaces with tailored properties. The initial preparation comprises of etching in order to obtain a fresh surface, and halogens play a crucial role in this matter.^[@ref24],[@ref25]^ They have been used extensively by the microelectronics industry as etchants for semiconductors, which prompted fundamental studies aimed at addressing the interaction of bulk semiconductor surfaces with halogen species. However, due to issues of surface degradation under ambient circumstances (oxygen and moisture) over time, most of these studies were performed under pristine conditions, i.e., ultrahigh vacuum (UHV) environment while employing ion beams and plasma so that the interactions can be studied on a reproducibly clean surface.

Nevertheless, halide binding to semiconductor surfaces under solution conditions, which are of much less stringent nature than the UHV environment, have also been reported. For instance, treatment with an alcoholic solution of bromine is a common method for preparing fresh surfaces of II--VI (e.g., CdE; E = S, Se, Te) and III--V (GaAs) semiconductors.^[@ref24]^ In early comparative studies on wet etching of III--V and II--VI semiconductor surfaces involving Br~2~/methanol as etchant, marked differences were found in the etching rates of polar surfaces of II--VI semiconductors (with anion faces being etched faster) as opposed to the III--V semiconductor faces.^[@ref26]^ These differences were easily rationalized with the more ionic bonding character of the II--VI lattice compared to a III--V lattice, with the etchant being more reactive toward the electron-rich anions. However, later studies reported conflicting results on differences in etch rates among the (0001), (101̅0), and (112̅0) faces of hexagonal CdSe^[@ref27],[@ref28]^ or between the (0001) and the (0001̅) faces of the same material.^[@ref29]^

It is noteworthy in this context that "clean" semiconductor surfaces are characterized by a plethora of reconstructions.^[@ref31]^ Upon creation of a surface, dangling bonds are generated which contain *less* than two spin-paired electrons as opposed to former "bulk bonding" with *exactly* two spin-paired electrons. These dangling bonds often contribute to surface electronic states with energies within the band gap that greatly impact semiconductor processes through acting as electron or hole traps. This lends instability to the dangling bonds which need to be "passivated" in order to lower the free energy of the system. Depending upon the context, the term passivation can assume different meanings.^[@ref24],[@ref32]^ One description is the surface treatment which does not necessarily affect the electronic structure but merely provides a protective layer by blocking the chemically active sites, a definition more pertaining to the case of metals (previous subsection). The other description refers to the surface treatment that chemically alters the surface state density through formation of strong covalent bonds between the surface atom and the adsorbate which essentially satisfy the dangling bonds.^[@ref24],[@ref33]^ A few bulk studies have addressed the preferential binding of halide ions on specific sites driven by the necessity of passivating the surface dangling bonds, as described below.

The rich coordination chemistry of a semiconductor surface provides diverse binding sites for small moieties like halide ions. However, the spatially localized electronic states on semiconductor surfaces reduce the surface diffusion of the adsorbed species, as compared to metals.^[@ref23],[@ref34]^ This leads to site-specific adsorption of incoming moieties.^[@ref24]^ A relevant demonstration was made by Liu et al. wherein the authors reported the site selectivity of the adsorption/reaction of bromine (Br~2~) on GaAs(001) surfaces.^[@ref30]^ The bromine molecules were found to only react with the second-layer Ga atoms posited in the trenches and defects on the As-rich GaAs(001) in the initial adsorption stage ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The net attraction between the Ga atom and the bromine molecule was driven by the interaction between the highest occupied molecular orbital (HOMO) of the bromine molecule and the empty dangling bond of Ga. On the contrary, the filled dangling bond of As and the HOMO of the bromine molecule engaged into a repulsive interaction, as schematically shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. This acted as a barrier toward the interaction of bromine with the As--As and As--Ga back bonds. Similar arguments were also employed to explain the higher reactivity of the less filled center Si dangling bond toward F~2~, Cl~2~, and Br~2~ than the more filled corner Si dangling bonds on Si(111)^[@ref35]^ and for iodine(I~2~) adsorption on InAs(001) surfaces.^[@ref36]^ These results directly allude to nanoscale systems where halide ions (or other negatively charged ligands, for that matter) are found to specifically bind to the metal cations in a semiconductor NC, as discussed in subsequent sections.

![Site-specific adsorption of halide ions on semiconductor surfaces. (a) Scanning tunneling microscopy (STM) image of a reconstructed GaAs(001) surface after adsorption/reaction with bromine, showing selective reaction with Ga sites. (b) Molecular orbital schematic of the bonding between the frontier orbitals of bromine and the unfilled dangling bonds of Ga (left) and the filled dangling bonds of As (right).^[@ref30]^ Reproduced with permission from ref ([@ref23]). Copyright 1999 AAAS.](cr-2018-00158z_0002){#fig2}

#### Other General Considerations {#sec1.1.1.3}

A qualitative approach that has been widely used in rationalizing the relative affinities between metal cations and halide anions is the principle of Pearson's hard and soft acid--base (HSAB) theory, whereby hard or soft cations preferentially bind to hard or soft anions, respectively.^[@ref37],[@ref38]^ The hardness of an ion is loosely determined by the ratio of its ionic charge to size, which means that harder species are highly charged ions with relatively small size and softer species exhibit the opposite characteristics. By this definition, the hardness of halide ions follows the sequence F^--^ \> Cl^--^ \> Br^--^ \> I^--^ and can be applied to understand the ion--solvent interaction described previously in the case of specific adsorption on metal surfaces. The HSAB theory is invoked in various reports in order to validate the interaction of halide ions with crystal facets and complexation strength with metal precursors affecting growth kinetics of NCs and their colloidal stabilization.

All the influences discussed in the above subsections are pertinent to colloidal nanochemistry save for the exception that we are often dealing with a complex solution containing various ions and molecules instead of a comparatively simple interface between a metal electrode and the electrolyte solution. This contributes to an added layer of complexity in studying nanoscale colloidal systems. In studying the effects of halide ions in colloidal nanochemistry, one must consider the presence of other adsorbates, namely, the surfactant molecules possessing long alkyl chains and largely different solvent dynamics than simple aqueous electrolytes considered in bulk studies. For instance, Br^--^ adsorption on Au (111) surfaces was studied using an acidic solution of sodium bromide (NaBr) on single crystals of Au oriented along the (111) direction.^[@ref16]^ Analysis of the nanoscale systems by drawing heavily on the bulk then becomes complicated, although the detailed bulk studies can always be used as a first approximation in designing experimental work on colloidal NCs.

In the ensuing sections we will demonstrate the applicability of these principles, which had been developed for bulk surfaces, in forming a basis for understanding the processes that happen at the nanoscale. The specific examples are covered in the materials sections ([section [2](#sec2){ref-type="other"}](#sec2){ref-type="other"} onward) where the correlation with the bulk studies is referred to intermittently.

### 1.1.2. Influencing NC Growth and Stability {#sec1.1.2}

#### General Considerations {#sec1.1.2.1}

Colloidal synthesis techniques have gradually evolved into a largely separate branch of synthetic chemistry in its own merit with its distinct set of thermodynamic and kinetic considerations. A chemist has to invoke the principles of inorganic chemistry to design the core of a NC: those of organometallic and coordination chemistry to address the NC surface--ligand interaction^[@ref39]^ and those of organic chemistry to appreciate the ligand--solvent interaction.^[@ref40]^ Hence, a brief overview of the major experimental steps involved in the formation of colloidal NCs in solutions, as depicted schematically in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, is a natural starting point for appreciating the role of halide ions in this research area.

![Aspects of the colloidal technique for solution growth of NCs. (a) Schematic of a glassware setup widely used for colloidal synthesis of NCs, generating surfactant-capped NCs soluble in a variety of solvents. (b) LaMer---Dinegar growth curve depicting the various stages of monomer generation (I), nucleation (II), and growth (III) involved in the solution synthesis. Other processes like aggregation and Ostwald ripening have also been included, which can occur during synthesis. Reimagined from ref ([@ref41]). Copyright 1950 American Chemical Society.](cr-2018-00158z_0003){#fig3}

The colloidal route of NC formation can be essentially divided into two steps: (a) nucleation of "seeds", when a critical concentration of the active monomer species is achieved, followed by a burst of nucleation of NCs, and (b) growth of these seeds into NCs, by assimilating the additional monomers from the reaction medium. The starting point of designing such a chemical synthesis is to identify suitable molecular precursors which are generally inorganic salts or organometallic compounds. These moieties release the reactive chemical species, referred to as the monomers above, through various chemical reactions. The choice of the chemical reaction is generally dependent on the nature of the inorganic core and broadly includes pyrolysis of organometallic precursors (for compound semiconductor NCs), hydrolysis of metal salts, accompanied by subsequent oxidation (for metal oxide NCs) or reduction of metal ions (for noble metal NCs).

LaMer and Dinegar's pioneering work in the 1950s on the growth description of sulfur colloids can be invoked in most cases to account for the formation of monodispersed colloidal NCs^[@ref41]^ under certain approximations. The so-called LaMer diagram is depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, showing the three NC growth regimes on the temporal evolution of the monomer concentration curve. Regime I corresponds to the "formation of monomers", which steadily rises with time as the reaction proceeds. At a critical monomer concentration (point of supersaturation) in regime II, "nucleation" occurs. A fast growth of these nuclei ensues, leading to a sudden drop in monomer concentration (corresponding to the curve maximum). No additional nucleation events occur if the monomer concentration drops below the supersaturation level, at which point purely the "growth" regime (regime III) commences. Other processes such as aggregation and Ostwald ripening can also occur during NC growth, as are depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b. Aggregation of nuclei during growth can cause hindrance in obtaining colloidal stability and is generally prevented by the presence of surfactant molecules in the growth mixture. Ostwald ripening, on the other hand, entails dissolution of smaller NCs while the larger NCs are further enlarged in size. It is a thermodynamically driven process which occurs due to the instability of smaller NCs when the concentration of monomers in solution drops below a critical threshold.^[@ref42]^

#### Thermodynamic and Kinetic Control {#sec1.1.2.2}

Several intricately entangled thermodynamic (surface capping, reduction potential, etc.) and kinetic (monomer concentration, temperature etc.) factors play a crucial role in the colloidal growth. Much of the outcome of a colloidal synthesis, especially the shape and size of the resultant NCs, is dependent upon whether the reaction has been performed under thermodynamic or kinetic control.^[@ref43],[@ref44]^

Discerning the differences between thermodynamic and kinetic regimes of NC growth control can be best appreciated by considering the competition between the rates of monomer *deposition* on the growing nuclei and that of surface monomer *diffusion*. The morphology of the final NC is determined by the relative magnitude of these two processes. When the diffusion occurs at a higher rate than deposition, the system is under thermodynamic control and the initially deposited monomers diffuse to lower energy sites to attain equilibrium. On the LaMer--Dinegar curve ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) it means that the reaction is much further ahead in regime III, where the monomer concentration is not high enough to cause further deposition and hence the already deposited monomers cause NC surface reconstruction. However, when the deposition occurs at a much higher rate than diffusion, the system is under kinetic control and the NC will attain a thermodynamically less favorable shape (kinetic product). Generally, this is the very initial portion of regime III (or around the crossover region between regimes II and III) in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b.

There are several ways in which a NC growth can be tuned to obtain thermodynamic or kinetic product. In principle, a thermodynamically controlled product is obtained when a system gets a sufficient amount of time to let all of the atoms arrive at their final positions in order to attain the minimum Gibbs free energy for the entire system. The shape of the NC under such circumstances is considered as the *equilibrium shape*, which can be achieved by raising the temperature of the system or by giving the reaction sufficiently long time to complete. The total Gibbs free energy of an individual NC is largely the sum of that for the bulk and the excess caused by the surface, as expressed by the following equationHere, γ represents the surface energy per unit area while *A* denotes the total surface area of the NC. Hence, at a fixed volume, a minimum Gibbs free energy for such a system will be achieved under the condition of a minimized total surface free energy. The surface free energies of the different crystallographic planes constituting the NC generally differ from each other. The cause of this includes differences in atomic arrangement and varied interactions with the surfaces species (surfactant molecules, in general). In this regard, it is important to note that the oft-assumed spherical shape for a NC is difficult nay almost impossible to achieve since several high-index facets (with Miller indices \> 1) with high surface energies would be required to attain such a shape.

Surface free energy modification under the influence of various chemical moieties has often been used to explain NC growth under thermodynamic control.^[@ref44]−[@ref46]^ Capping agents play an important role in this regard, which can be ionic or molecular species (such as surfactants) that exhibit selective binding to different crystal facets of a NC. This lowers the surface free energies of those facets leading to an altered NC shape as the expression of the stabilized facet is maximized. From a kinetic perspective, this also entails the alteration of relative growth rates of different crystallographic planes. The chemisorbed capping agent will hinder the further deposition of atoms on that particular facet, leading to slower growth and greater NC surface share of that facet. Furthermore, the surface passivation will increase the energy barrier to surface diffusion, and hence, the final NC shape is generally a result of the interplay of these various processes. The importance of the role played by capping agents/surfactant in NC growth is perhaps best demonstrated by the fact that in many cases the impurities found in the commercially supplied batches were proven to be the actual morphology descriptors. This has led to reproducibility issues in the past, e.g., the case of tri-*n*-octylphosphine oxide in the growth of cadmium selenide NCs^[@ref47]−[@ref49]^ and that of in situ formed acetate ions for lead selenide NCs.^[@ref50],[@ref51]^

Another factor in controlling growth is the reactivity of different precursors since that would determine the rate of monomer formation and hence the eventual rate of deposition. Hence, depending on the availability of monomers, the growth can be pushed to thermodynamic or kinetic regimes. A simple yet effective demonstration of this is through the controlled rate of continuous precursor injection in order to keep a constant supply of monomers and hence keep the reaction in the kinetic growth regime.^[@ref52]^ On the other hand, precursor reactivity plays a significant role in deciding phase purity during NC growth. A good example of this is balancing the reactivity of the metal precursors in forming NCs of ternary and quaternary chalcogenides.^[@ref53]−[@ref55]^ For instance, this was achieved in the synthesis of CuFeS~2~ NCs through using CuI as the precursor because that ensured a slower release of the Cu^+^ ions which matched that of the Fe precursor.^[@ref56]^ Other copper halides (CuCl, CuBr) led to the formation of Cu--S phases as impurity instead due to faster Cu^+^ release.

#### Halide Ions' Influence on NC Growth {#sec1.1.2.3}

As mentioned above, there are multiple ways in which the halide ions influence the thermodynamic and kinetic factors of NC growth. However, the three most fundamental means of halide influence that emerge from studying different classes of NCs are depicted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The basic processes depicted here remain the same for most syntheses, although the actual course of the reaction might vary depending on the specific chemistry of a material system, where one or all of these influences work in conjunction with other chemical factors. In fact, almost always, more than one of these principles were cited to explain the halide effect on a NC synthesis in the literature, and it is generally impossible to rule out one mechanism in favor of the other. These three processes, namely, selective binding on crystal facets, complexation with the precursors, and oxidative etching, are the subject of the ensuing text.

![Schematic depiction of the various influences of halide ions on NC growth processes. (a) Halide ions, as surface/facet capping agents, can direct the morphology of NCs in ways that are not generally accessible otherwise. (b) Complexation with the precursors hinders the availability of monomers leading to slower growth kinetics due to the higher stability of the complex. (c) Halide ions can act as etchants on NC surfaces and edges under conditions that are oxidative or otherwise, leading to reshaping of the NCs and sometimes to their complete dissolution.](cr-2018-00158z_0004){#fig4}

#### Facet-Specific Capping {#sec1.1.2.4}

The oft-cited capping action of halide ions/atoms and its subsequent effect is depicted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. As described in the previous section, facet-specific capping by the halide ions leads to changes in the relative surface free energies of the NC facets and eventually to changes in the final morphology of the product. NC morphologies that are not generally accessible otherwise, i.e., in halide-free conditions, could be produced under the action of halide capping. Owing to their highly electronegative character, halide ions strongly adsorb on the crystal facets, which generally have a sizable fraction of metal atoms, even if semiconductor NCs are considered. The relative binding on the different crystal facets then is dependent on the density of metal atoms which defines the halide packing on the surface and eventually the surface free energy.^[@ref46]^ The modified thermodynamic stability and the kinetic growth rate of the crystal facets then dictate the fate of the final products.^[@ref44]^ Then again, in a surfactant-assisted solution synthesis of NCs, halide capping rarely acts alone and generally shows up acting in concert with other molecules. For instance, in the case of gold NCs, halide ions form soft templates (micelles or lamellar structures) with surfactant molecules that lead to anisotropic growth (see [section [2.1](#sec2.1){ref-type="other"}](#sec2.1){ref-type="other"} below).

All other factors notwithstanding, some simple considerations can be employed while designing halide-assisted shape control in colloidal NCs. The electronegativity of the halogen, the composition of the NC core material, and the strength of the bonding between the metal atom and the adsorbing atom are some of these aspects. A grasp of the interplay of these influences can be used to estimate the extent of facet stabilization. This can be exemplified in the case of NCs of binary compounds viz. metal oxides and metal chalcogenides. For metal chalcogenide NCs (i.e., where the anion is either S, Se, or Te) any of the halogens (F, Cl, Br, I) can form stronger bonds with the surface metal atoms owing to their higher electronegativity. On the contrary, in the case of metal oxide NCs, it is only fluorine which has a higher electronegativity than oxygen (the anion in the lattice) and hence in a situation to form stronger bonds with the surface metal atoms and alter the surface energies. Indeed, this fact can be appreciated from the numerous reports on F capping in metal oxide NCs ([section [4](#sec4){ref-type="other"}](#sec4){ref-type="other"}) and a paucity of work involving other halides. This means, to a first approximation, introducing fluorine in the growth mixture of a metal oxide NC is in a favorable situation to yield shape control than other halide candidates. However, factors such as hardness and size compatibility of the incoming surface-coordinating atom to the receiving NC lattice can also complicate this simple notion.

#### Precursor Complexation {#sec1.1.2.5}

The other process by which halide ions largely affect the NC growth is that by forming strong complexes with the precursor atoms/ions involved in the nucleation and growth of NCs, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. This factor is also influenced by the enhanced affinity of halide species toward metal atoms/ions and hence contributes toward regulating their availability and eventual monomer formation in the growth solution.^[@ref11]^ The formation of a strong complex reduces the rate of monomer generation, thereby slowing down the NC growth. This is often used by the synthetic nanochemist as a handle to slow down the reaction kinetics and access products (NC shapes) that are otherwise formed transiently in a faster halide-free growth (kinetic product).^[@ref57]^ Furthermore, the rate of nucleation can also be drastically reduced through the formation of halide complexes which can be a useful ploy in the growth of heterostructured NCs as in that case homogeneous nucleation has to be minimized. For instance, this strategy has been used to suppress homogeneous nucleation in the synthesis of rod-shaped and branched NCs starting from preformed NC seeds.^[@ref11],[@ref58],[@ref59]^

An additional aspect that needs to be considered is that the electrochemical potential of metal ions (for example, Au ions) participating either in the growth or in the dissolution of NCs can be modified considerably when they are complexed with various molecules in solution. An example is provided by Rodríguez-Fernández et al.,^[@ref60]^ who studied the dissolution of gold nanorods (NRs) operated by AuCl~4~^--^ according to the following reaction scheme

The dissolution was found to occur only when CTAB is present, as the strong binding of AuCl~2~^--^ to CTAB modifies the reduction potential of AuCl~4~^--^. In a broader context then, halide ions too can strongly modify the electrochemical potential of redox species involved in the synthesis/dissolution of NCs, and therefore, the formation of these complexes needs to be taken into account.

#### Etching {#sec1.1.2.6}

Apart from these two growth-controlling mechanisms, a third process has also been identified in various cases: that where the halide ions act as etchants. It is a well-known fact that halide ions are good etchants to NC surfaces, a process that can be likened to the corrosion of a piece of metal. As schematically depicted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, the presence of halide ions in a NC solution can lead to dissolution of the surface atoms through their reaction with the halide ions. The etching process leads to the formation of similar strong complexes as mentioned in the previous paragraph. This phenomenon pertains to major yet varied implications in colloidal NC chemistry, both during and post synthesis. For instance, halide etching has been used for reshaping NCs through facet-specific etching, which is generally defined by the differential reactivity of the different crystal facets toward the halide ions. More aggressive etching pertains to destabilization of the NC surface to the extent that aggregation or fusion gets initiated and sometimes even leading to complete dissolution. This aspect can be turned into a powerful synthesis tool such as when NCs undergo oriented attachment, e.g., in the synthesis of PbS nanosheets starting from PbS NCs upon their reaction with chlorine-containing solvents.^[@ref61]^ In the initial stages of a NC synthesis, etching can also be used to tune the seed population in such a way that it affects the final product morphology. This is particularly relevant for those synthesis protocols where the initially formed seed population exhibits two distinct distributions, e.g., crystalline and twinned seeds formed primarily due to tiny thermal fluctuations. Halide etching, in these situations, can be employed to remove the more reactive seeds (i.e., seeds with higher Gibbs free energy, twinned seeds in this particular example) in the early stages of growth so that a more size- and shape-focused NC synthesis is achieved. For instance, this is often observed in the polyol synthesis of some noble metal (silver, palladium) NCs, where shape focusing is routinely achieved through oxidative etching of multiple twinned seeds in favor of single-crystalline ones.^[@ref62],[@ref63]^

Hence, the various means by which halide ions largely affect NC growth has been delineated in this subsection. However, it might be somehow obvious to the reader by now as to how complex and multivariate the role of halides can be. The synergistic actions of surface adsorption, ability of adsorbed species to engage in forming complexes with other ions and surfactants in the solution and in locally influencing the rate of redox reactions, are all factors that can contribute to a specific growth pattern and that can rarely be disentangled. More often than not, it is hard to bundle all of the different mechanisms of action in a grand unifying and predictive scheme: each case is somehow unique and pertinent to the set of conditions under which a given type of NC is synthesized. Nevertheless, many reports have shed light on several relevant cases, and these are discussed in detail in the major sections that follow, dedicated to the various materials systems. More on the role of surface attachment of halide ions and its implications is included in the next subsection, which should provide the reader a holistic viewpoint to look at the various roles that halide ions play.

### 1.1.3. Participating in NC Ligand Shell {#sec1.1.3}

It was mentioned before, in passing, that halide counterions of metal precursors used in the NC synthesis often end up on the NC surface. Also, the discussion in the previous subsection points toward the fact that halide ions are surface active species which have important implications on the NC growth. In this subsection, we will elaborate on how the presence of halide ions on the NC surface leads to interesting and useful changes on the physicochemical properties of the resulting NCs. This is particularly relevant for semiconductor NCs where halides induce changes in the electronic structure and also on inter-NC communication.

Before we delve into the discussion of the role of halide ions as surface ligands, it is imperative to take a brief overview of the nature of the surface--ligand interactions. The covalent bond classification scheme is particularly useful in this regard, although it was first proposed by Green et al. for describing the metal--ligand bonding in organometallic complexes.^[@ref64],[@ref65]^ This classification approach is based on the number of electrons that each neutral ligand contributes to the surface atom--ligand bond and also on the identity of the electron donors and acceptor groups,^[@ref33]^ as schematically depicted in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a. Hence, a ligand can contribute either 2 (L-type), 1 (X-type), or 0 (Z-type) electrons to the bonding orbital of surface atom--ligand interaction and are labeled accordingly. L-type ligands are neutral molecules acting as Lewis bases (electron pair donors, e.g., amines and phosphines) that datively coordinate to the surface metal atoms. The one-electron contributors, or the X-type ligands, possess an odd number of valence electrons and form an equal electronic contribution (i.e., one electron each) covalent bond with the surface atoms. Examples include negatively charged moieties such as carboxylates, phosphonates, and even ions like CdCl~3~^--^ and InCl~4~^--^, etc. Halide ions (X^--^) can be considered to fall in this category, although depending on the identity they can also be considered Z-type. The Z-type ligands are generally the neutral electron pair acceptors (Lewis acids) such as metal carboxylates or metal chlorides. The identity of the ligand moiety or the description of it then becomes important as, for instance, in the case of Cl^--^ ligand on a CdSe NC surface can be both considered as Cl^--^ (X-type) as well as CdCl~2~ (Z-type).^[@ref66]^ This is mostly because X-type ligands (Cl^--^, in this particular case) bind to the excess surface cations (Cd) on a NC surface lending charge balance to the NC, effectively "passivating" the surface trap states (Cd dangling bonds). If these excess surface cations are considered as part of the ligand shell instead of the NC, this ligand (CdCl~2~) can then be considered Z-type instead, binding to a charge-neutral NC. In this regard, it is important to recognize that electron-rich L- and X-type ligands, being nucleophilic in nature, generally bind to the surface sites that are electron deficient (Lewis-acidic character; typically, the surface metal cations that are undercoordinated). On the other hand, Z-type ligands show an affinity toward undercoordinated surface sites that are electron rich (Lewis-basic character; undercoordinated surface anions) instead ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). However, an example of positively charged electrophilic X-type ligand also exists in the form of the archetypal proton (H^+^) that binds to the oxide NC surfaces.^[@ref8]^

![Surface chemistry of NCs and the effect of halide moieties on the NC surface depicted in the schematics. (a) Categorization of the ligands on a binary semiconductor NC surface according to the covalent bond classification scheme. (b) More efficient passivation of mid-band-gap trap states by halide ligands leading to improved optoelectronics in semiconductor NCs---one of the many mechanisms by which halide ligands influence the intrinsic electronic properties of the NCs. (c) Surface ligand shell modification by exchanging with halide (X) ions and eventual deposition of NCs into a thin film architecture. Reduced inter-NC distance can be achieved through this procedure resulting in better electrical performance. The sequence of the two fabrication steps of "exchange" and "deposition" steps can be interchanged according to the chemistry involved.](cr-2018-00158z_0005){#fig5}

In the case of halide ligation on semiconductor NC surfaces, the negatively charged X-type definition has been the most useful in explaining the changes in the physicochemical properties. Halide ions have been demonstrated to affect the intrinsic electronic properties of semiconductor NCs by various means.^[@ref33]^ One of the obvious ones is halide ions acting cooperatively with the bulkier ligand molecules already bound at the surface of the NCs in ensuring that a greater number of surface atoms is actually passivated ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b) and thus contributing to reduce the number of surface trap states. The more efficient passivation of surface trap states is made possible due to the smaller size of the halide ions, which lets them access the interatom trenches that bulkier organic ligands with long alkyl chains find hard to access.^[@ref67]^ For semiconductor NCs, this is especially important as it reduces the defect states recombination losses that are directly correlated to the number of uncoordinated atoms on the surface.

However, more careful investigations have also been reported in the literature which unraveled more about halide ligation on semiconductor NC surfaces than meets the eye in the first attempt. For instance, depending on the ligand makeup of the NCs, halide ions can also introduce hole traps, which can be either shallow or deep depending on the specific nature of the halide ligand, e.g., whether this is CdCl~2~ (shallow) or CdI~2~ (deep) in the case of cadmium chalcogenide NCs.^[@ref68]^ Similarly, according to another theoretical analysis, halide ligation leads to the generation of a rather large net dipole moment which can rigidly downshift both the valence band minimum and the conduction band maximum.^[@ref69],[@ref70]^ Interestingly, most of these influences of halide ions can be directly correlated to their highly electronegative character.

Surface chemistry, in general, has important implications for the tunability of the NC electronic properties, and the above considerations point to the fact that it is especially more so relevant when halide ligands are on the surface. While the optoelectronic properties of the semiconductor NCs are influenced by their presence on the NC surface, there is one other way in which halide ligands influence the dynamics of semiconductor NCs, that by affecting the properties of solids fabricated from these NCs. The halide-passivated NCs, when assembled into a thin film device, exhibit improved charge conduction compared to NCs passivated by bulky organic ligands which generally form an insulating layer between the NCs. Solid-state NC devices comprising of a NC thin film, such as solution-processed solar cells, thin film field effect transistors, light-emitting diodes, etc., all require efficient charge transport through the film. Bulky organic ligands, although important for solution processability, are hence detrimental for electronic devices, and a strategy that can be used for improved conduction can be achieved through the halide ions. This is generally done through exchanging the native surfactant ligands by halide ions, unless halide ions are already present on the surface by virtue of the synthesis protocol. However, the exchange with halide ions and deposition thereafter is the general approach that is considered most of the time ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). The success of this strategy is based on the fact that the bulkier organic molecules are replaced by smaller halide ions which reduce the inter-NC distance and hence improve the charge carrier transport. In this regard, it is important to note that this strategy is not just unique to halide ions but also applicable to other small molecules which can reduce the distance between adjacent NCs.^[@ref33]^

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c further schematically demonstrates that the sequence of the two steps of "exchange" and "deposition" can be interchanged in order to get to the same end structure. In the solid-state protocol, where deposition precedes exchange, the bulky organic ligands are displaced by halide ions on the deposited film. However, this postdeposition ligand exchange is known to create cracks in the film due to contraction of the film resulted by the NCs coming close together. This is detrimental for the overall film performance in addition to issues of inefficient ligand exchange and the presence of residual organic moieties on the device. The reverse method, that is one where deposition follows exchange, has been gaining popularity recently. In this case, a polar solvent of high dielectric constant, such as *N*-methylformamide, is required to confer colloidal stability to the halide-capped NCs which are then used to deposit NC films exhibiting high electron mobility.^[@ref71]^ This approach has the advantage that no postdeposition ligand stripping is required.

Apart from these factors, passivation with halide ions can also improve the overall stability of the NCs, as has been demonstrated for PbSe NCs, which became more resistant to oxidation in air owing to CdCl~*x*~ treatment, with Pb sites passivated by Cl and Se sites by Cd. The improved stability was then translated into a higher power conversion efficiency in solar cells made from these NCs.^[@ref72]^ Along similar lines, Cl termination of Si NCs provides higher colloidal stability to the NCs and in addition provides surface Si--Cl bonds characterized by the lowest unoccupied molecular orbital (LUMO) energy that is close to that of the highest occupied molecular orbital (HOMO) of donor molecules. This facilitates binding of donor molecules to the surface of the NCs, further improving their stability.^[@ref73]^

1.2. Halide Ions in the NC Core {#sec1.2}
-------------------------------

The discussion in the preceding sections was mostly centered around the influence of halide ions on the NC surfaces and when present as precursors in the synthesis mixture (which sometimes end up on the NC surface anyway). This section discusses halide ions in the context of being part of the bulk instead. Halide ions when present as part of the crystal stoichiometry bring forth a different level of complexity to the realm of colloidal NCs. By virtue of their high electronegativity values, halide atoms usually yield a significant level of polarity to the bonds they form with other atoms. Now, in the colloidal NC paradigm the synthetic difficulty increases as the bonding among the crystal constituents becomes progressively more covalent. This means that NCs of a group IV semiconductor like Si require more elevated temperatures for crystallization than those of a less covalently bonded II--VI semiconductor like CdSe.^[@ref74]^ Conversely, halide ions when constituting a part of the crystal stoichiometry bestow a much more ionic character to the bonding which affects the synthesis and processing of such NCs in unprecedented ways. Consequently, these NCs may require lesser energy for crystallization and hence lower synthesis temperatures.^[@ref75]^ Furthermore, the fairly ionic character renders some halide-constituting NCs (like those of lead halide perovskites, for instance) somewhat soluble in most polar solvents, making it difficult to isolate and purify them by standard colloidal methods. Nevertheless, in the context of this review, the major influence that halide ions exert is the progressive tuning of the optoelectronic characteristics of these NCs through anion exchange, as discussed below.

### 1.2.1. Inducing Optical Tunability {#sec1.2.1}

Binary or ternary semiconductor NCs comprising of halide anions exhibit their characteristic optoelectronic properties at the nanoscale. However, the presence of halide ions in the NC lattices confers a new type of functionality to such NCs, that of systematic spectral tunability through changing the nature and concentration of the constituent halide ions. The recent surge in interest in halide perovskite NCs plays witness, with this phenomenon being demonstrated in almost all halide-containing NCs.

The halide-induced tunability comes forth due to the direct modulation of the band structure since in most of these compounds the frontier orbitals comprise of a significant contribution from halide orbitals.^[@ref76]−[@ref79]^ Consequently, the nature of the band edges, i.e., the valence band maximum (VBM) and the conduction band minimum (CBM), is influenced by the halide composition. This fact has been elucidated in calculated band structures for methylammonium lead halide perovskites ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a) and in electrochemical measurements on cesium lead halide perovskite NC solutions ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). In line with the halide electronegativities, Cl inclusion increases the band gap, while Br and I lead to a progressive decrease, which is reflected in the spectral response of these NCs.

![Dependence of the band edge positions on the halide composition of the stoichiometry. (a) Band alignment between methylammonium lead halide perovskites constituting I, Br, and Cl (right to left). Reproduced from ref ([@ref76]). Copyright 2015 American Chemical Society. (b) Progressive changes in the band edge energies of cesium lead halides, tuned by the halide composition. Adapted from ref ([@ref77]). Copyright 2016 American Chemical Society.](cr-2018-00158z_0006){#fig6}

Here again, one can appreciate that the role of halide species can be multifaceted and specific for each type of NC and the combination of the inorganic core material and the nature of the pre-existing ligand shell. In the sections that follow, we will analyze the most relevant case studies in which halide ions have been exploited in the various steps of NC synthesis and processing. This comprehensive survey will take a journey through various materials systems, starting from metals and going through the most common semiconductors, followed by oxides and finally to some selected cases involving halide-containing NCs showing spectral tunability associated with anion exchange.

2. Metal Nanocrystals {#sec2}
=====================

The primary influences that the halide ions have displayed in the case of metal NCs are those in the growth of these NCs. In fact, the effect of halide moieties on the growth of noble metal NCs is very well catalogued, and numerous research groups have devoted attention to this specific field. This is probably due to the fact that faceted NCs of noble metals are highly effective catalysts and halide ions are a common descriptor of facet-directed growth.

The effect of halide ions in the case of metal NCs has manifested in the growth of anisotropic nanostructures which display distinctive optical and electronic properties. Halide ions play an important role in directing the anisotropy in metal NCs through controlling the growth kinetics by their facet-specific capping, selective binding with the precursors, and participation in etching the NCs, both pre- and postsynthesis.^[@ref13]^ Noteworthy in this regard is the fact that shape control synthesis of metal NCs can be achieved by the modulation of the surface energies through adsorption of other small molecules as well.^[@ref80]^ However, halide ions show the most diverse set of effects on the synthesis of metal NCs as detailed in the following.

2.1. Gold (Au) NCs {#sec2.1}
------------------

### 2.1.1. Faceting and Growth Control {#sec2.1.1}

Among metal NCs, gold has been the most extensively studied, primarily due to the ease of synthesis and the morphology-dependent wide color gamut that colloidal Au solutions exhibit.^[@ref81],[@ref82]^ In addition, anisotropy in these NCs leads to shape-dependent physical and chemical properties which has garnered extensive attention in the past few years mostly due to the potential of developing application in the areas of spectral detection, catalysis, energy, and nanomedicine.^[@ref83]−[@ref86]^ This has led to numerous researchers exploring the rational control of shape through wet chemical protocols in order to tailor the properties of gold NCs since shape tuning led to a wider array of accessible properties in these NCs. Among the various synthesis parameters available for shape control, halide ions have only been recently found to be an important influencing factor. One of the first reports in this regard came from Sastry's group in 2005, wherein Shankar et al. elucidated the role of halide ions in the formation of (111) facet-bound triangular citrate-stabilized Au NCs through the well-known Turkevich method.^[@ref87]^ They reported that the Cl^--^ ions from the precursor chloroaurate ions promote the formation of these NCs while Br^--^ and I^--^ ions (introduced as potassium salts), which can replace surface-bound Cl^--^ ions, inhibit the growth. In another report in the following year from the same group, Rai et al. described the effect of halide ions on the formation of biogenically prepared flat Au nanotriangles.^[@ref88]^ In this synthesis, involving the use of lemongrass leaf extract as a natural reducing agent, they demonstrated that the presence of Cl^--^ and Br^--^ ions in the reaction mixture promoted the growth of Au nanotriangles. I^--^ ions, on the other hand, completely suppressed the nanotriangle growth and led to the formation of aggregated spherical and hollow NCs. The single-crystalline nature of the nanotriangles was confirmed by their electron diffraction pattern, which could be indexed to the fcc structure of gold. It was further ascertained that the major facets of the nanoprisms were constituted by the \[111\] crystal planes which were primarily exposed to the incoming electron beam. Furthermore, iodide ions transformed the as-synthesized flat Au nanotriangles to circular disk-like structures with greater propensity than other halide ions in a postsynthetic treatment. These observations were rationalized on the basis of the affinity of halide ions for metal surfaces which increases in the order F^--^ \< Cl^--^ \< Br^--^ \< I^--^.^[@ref17]^ This means that iodide ions have a stronger affinity to chemisorb on the gold surfaces and thus induce surface reconstruction and inhibit nanotriangle growth from the oriented attachment of the small NCs that form in the earlier stages of the reaction.^[@ref89]^

An innovative development in the anisotropic Au NC growth came from the advent of the seeded growth method, described by several groups in the early 2000s.^[@ref90]−[@ref93]^ In this method a mild reducing agent (ascorbic acid) is used to selectively reduce Au^3+^ to Au^+^ in an aqueous CTAB solution of chloroauric acid (HAuCl~4~) to which small gold seeds are added that catalyze the reduction of Au^+^ on their surface. This way a temporal as well as physical separation of nucleation and growth was achieved wherein seed particles were first prepared separately and employed later as both nucleation points and catalysts for growing gold NCs. This process provides very precise control over the final NC shape which in turn can be regulated by a range of aspects such as size/shape of the seed particles, concentration of the surfactants, and metal/reductant ratio in the reaction mixture. A generic seeded growth approach employed to form anisotropic gold NCs is schematically shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a, which typically starts with the formation of gold seeds through the reduction of gold salt by sodium borohydride in the presence of citrate or cetyltrimethylammonium bromide (CTAB).^[@ref90],[@ref91]^ A separate growth solution, composed of a gold salt, CTAB, silver nitrate (essential for gold NR growth, not so much for other morphologies, [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b)^[@ref92]^ and a weak reducing agent such as hydroquinone or ascorbic acid,^[@ref94]^ is prepared, and the preformed seed solution is added to it. The synergistic interaction of the various reagents present in the growth solution can then be regulated to achieve shape control in the final NCs. Among the various factors, halide ions used as the counterion in the CTA--X (CTA = cetyltrimethylammonium cation) molecule were recently found to have an important influence on the resulting NC morphology formed through the seed-mediated process.

![Seeded growth approach for preparing anisotropic gold NCs and the effect of halide ions on the growth. (a) Schematic showing the two steps involved in the seed-mediated growth of Au NRs. Adapted from ref ([@ref95]). Copyright 2008 American Chemical Society. (b) General seed-mediated synthetic conditions to yield a wide variety of anisotropic Au NCs. Reproduced from ref ([@ref13]). Copyright 2013 American Chemical Society. (c) Cartoon depicting the influence of CTAB bilayer template on the NC growth in the presence of iodide ions, which acted as a barrier to crystal growth during nanoprism formation. The thickness of the arrows signifies the rate of facet growth, i.e., the growth along the \[111\] facet was repressed compared to \[110\] when iodide ions were introduced. Reproduced from ref ([@ref96]). Copyright 2007 American Chemical Society. (d) Representative TEM image of Au NRs prepared by the seed-mediated method using hydroquinone as the reducing agent. Adapted from ref ([@ref94]). Copyright 2013 American Chemical Society. (e) Structural model of the Au NR. Reproduced with permission from ref ([@ref97]). Copyright 1999 Elsevier Science B.V. (f) Electron tomography 3D reconstruction of a dumbbell-like Au NC formed due to the preferential growth at the tips of a NR in the presence of iodide ions. Reproduced with permission from ref ([@ref98]). Copyright 2008 John Wiley and Sons.](cr-2018-00158z_0007){#fig7}

The role of CTAB, which contained the bromide ion, was originally thought to be that of providing a soft template through the formation of cylindrical micelles that directed the anisotropic growth of gold NRs.^[@ref90]^ However, one of the first reports that indicated that there is more to the influence of CTAB than just a template was due to Ha et al. in 2007.^[@ref96]^ They observed that the addition of small amounts of iodide ions (as potassium iodide) in the growth solution led to the formation of triangular nanoprisms instead of the NRs, which are usually formed in the absence of I^--^ ions. The changes in the NC morphology were largely attributed to the adsorption of iodide ions on low-indexed gold surfaces which significantly alters the growth rate on different crystal facets. The formation of the (111) faceted triangular nanoprisms was hence a result of repression of crystal growth along the (111) direction due to iodide adsorption, as schematically depicted in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c. Although these findings were seemingly in contrast to those by Sastry's group (wherein I^--^ ions strongly suppress the formation of nanoprisms itself),^[@ref87],[@ref88]^ Ha et al. observed suppression of nanoprism growth as well, above a critical I^--^ concentration in the reaction mixture. It is imperative to note in this regard that Ha et al. studied the effect of iodide ions in the presence of a large bromide ion contribution (due to CTAB) unlike Sastry's studies. Furthermore, the authors reported that replacing the counterion in CTA--X from the usual Br^--^ (in CTAB) to Cl^--^ led to the formation of nanorice structures. These observations were rationalized on the basis of NC growth from a seed crystal being governed by halide adlayers, since counterions of cationic surfactants are known to affect the micellar adsorption and/or surface morphology of these surfactant molecules on solid surfaces.^[@ref99],[@ref100]^ This report has since then prompted other researchers to explore the specific adsorption of halide ions as an important factor in the seed-mediated Au NC synthesis.

Further insights into the adsorption behavior of CTA--X salts onto gold surfaces upon changing the halide counterion came from Kawasaki et al. at about the same time.^[@ref101]^ They examined the surfactant adsorption by using quartz crystal microbalance and atomic force microscopy and found that a high-affinity adsorption on the gold surfaces (by Br^--^ and Cl^--^ counterions of CTA--X) led to the formation of anisotropic NCs while a low-affinity adsorption (by F^--^, for instance) only produced spherical NCs. These studies, however, were not performed in the realm of the seed-mediated growth but yielded important foundations to call upon, nevertheless.

Drawing on the work of Ha et al.,^[@ref96]^ in 2008 the group of Liz-Marzán reported further findings on the influence of iodide ions on the seed-mediated growth of Au NRs (representative TEM image of a set of Au NRs shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d).^[@ref98]^ In this study, Grzelczak et al. demonstrated that the gold salt reduction preferentially takes place at the growing NR tips in the presence of small amounts of I^--^ ions in the growth solution, yielding a dumbbell-like nanostructure. To understand the role played by iodine in this case, it is important to take the crystalline structure and the surface chemistry of the Au NRs into account. The initial rods, i.e., before I^--^ treatment, are enclosed by eight {110} and {100} alternating side facets with the tip terminated by {100}, {110}, and {111} facets, as depicted in the structural model in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}e.^[@ref97]^ It was suggested that a small amount of I^--^ could exchange the surface Br^--^ ions from CTAB, specifically at the tips where the {111} facets were present, leading to dumbbell-like shapes as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}f. This preferential absorption of iodide ions on the {111} facets is similar to that reported by Ha et al.^[@ref96]^ and Rai et al.^[@ref88]^ However, unlike Ha et al., Grzelczak et al. observed enhanced growth at the {111} facets which was attributed to the presence of silver, a component whose role in the Au NR growth in conjunction with halide ions is discussed below. In a later study, Fan et al. demonstrated that the edge length of gold nanoplates grown by the seed-mediated method could be adjusted by varying the I^--^ content of the reaction.^[@ref102]^

Silver nitrate has been an essential component for high-yield synthesis of Au NRs,^[@ref92]^ but the specific role played by Ag(I) ions is a matter of controversy. In their original report, Jana et al. hypothesized that Ag(I) ions react with CTAB forming an AgBr-type compound that preferentially adsorbs on some Au facets and restricts growth in that direction.^[@ref90]^ Later, Liu et al. proposed the underpotential deposition of Ag(I) ions on the longitudinal facets which permitted faster reduction at the rod tips leading to anisotropic growth, with CTAB playing a more passive role.^[@ref103]^ The deposition of a metal submonolayer or monolayer on a different metal surface at a potential that is significantly less negative than for bulk deposition is called underpotential deposition (UPD), and the UPD shifts for silver on gold surfaces vary in the order of (110) \> (100) \> (111).^[@ref19],[@ref103]^ However, hints of synergistic interaction between the bromide and silver ions in the growth of gold NRs became apparent from the report by Hubert et al., wherein they proposed that the facet-specific capping agent was some form of CTA^+^--Br^--^--Ag^+^ complex, which they synthesized ex situ from CTAB and AgBr and successfully employed in the seedless variation of Au NR synthesis, along with CTAB.^[@ref104]^ The CTA^+^--Br^--^--Ag^+^ was shown to have a higher affinity toward gold surfaces than CTAB and hence thought to be the anisotropy promoter that forms in situ in the seed-mediated growth of Au NRs.

Further complications regarding the role of halide ions in the anisotropic Au NC growth arose when a report from Korgel's group showed that the yield of Au NRs depended strongly on the CTAB used.^[@ref95]^ In this report, Smith et al. obtained varying results from CTAB procured from ten different suppliers, which prompted the authors to conclude that an impurity in CTAB was very important in the NR formation. Later, multiple groups concluded that iodide is the impurity which is present in CTAB in significant but varying levels depending upon the supplier and is responsible for observed morphological variations.^[@ref10],[@ref105],[@ref106]^ Smith et al. (Korgel's group) concluded that iodide adsorption on Au {111} surfaces inhibits NR growth,^[@ref10]^ whereas Mirkin's group concluded otherwise.^[@ref105]^

These studies generated further interest in studying the effect of changing the halide counterion in CTA--X surfactants, which Ha et al. briefly mentioned in their study in 2007 (described above).^[@ref96]^ A report from Mirkin's group in 2010 is worth mentioning in this regard, which demonstrated the formation of concave Au nanocubes, enclosed by 24 high-index {720} facets produced from a modified seed-mediated method where Br^--^ was replaced by Cl^--^ in the CTAB surfactant (i.e., CTA--Cl was used).^[@ref107]^ Interestingly, given the rest of the conditions identical, Ming et al. reported in the previous year the formation of convex nanocubes enclosed by 24 high-index {730} facets when CTAB was used instead.^[@ref108]^ The concave nanocubes from Mirkin's group can be envisaged as cubes with the centers of the six square faces "pushed in", generating square-pyramid-shaped depressions. Likewise, the convex or tetrahexahedral NCs by Ming et al. could be generated by "pulling out" the center of the six square faces. Intriguingly, this morphology tuning could be achieved through a simple change of the halide counterion in the surfactant as schematically shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a, although a low-growth solution pH was also maintained by using hydrochloric acid in both cases.

![Effect of halide ions on the growth of highly faceted anisotropic Au NCs by the seed-mediated process. (a) Schematic showing the morphological effects of changing the counterion in the CTA--X surfactant---chloride led to {720}-faceted concave cubes, while bromide led to {730}-faceted tetrahexahedra. Reproduced from ref ([@ref107]). Copyright 2010 American Chemical Society. (b) SEM images of various highly faceted Au NCs obtained by simply varying the iodide content in a growth process employing a CTAC and KI combination. Reproduced with permission from ref ([@ref109]). Copyright 2011 John Wiley and Sons. Schematic shapes representing Au NCs of various morphologies obtained while using different halide ions: (c) in the absence of silver ions and (d) in the presence of the silver ions. Some shapes can also be prepared in the presence of more than one halide ion by slightly tweaking the other growth conditions. Reproduced from ref ([@ref13]). Copyright 2013 American Chemical Society.](cr-2018-00158z_0008){#fig8}

In the wake of all of these studies, the role of CTAB in seed-mediated growth of Au NRs was re-examined by Garg et al.^[@ref110]^ Although the cylindrical micellar template formation by the CTAB molecules was considered as one of the driving forces toward anisotropic NR growth, the authors found that bromide ions added as sodium bromide (NaBr) could lead to NR formation even when the concentration of the CTA^+^ ions (contributed from CTAB) was well below the critical micelle concentration (cmc). They concluded that the bromide ions actually induce the NR formation which is the primary reason behind using such a high amount of CTAB for NR growth in the first place, although micelle formation as a necessary prerequisite for NR formation was not completely ruled out. The authors further reported that they were not able to achieve anisotropic growth when CTAC was used as the surfactant though. At about the same time (2010), Huang's group reported a systematic shape evolution of anisotropic gold NCs into various highly faceted structures when they used CTAC and NaBr, where controlling the bromide concentration was critical for cube formation.^[@ref111]^ However, 1 year later Bullen et al. reported an inverse relation between the concentration of bromide ions in the growth solution (introduced as CTAB and potassium bromide, KBr) and the NR growth rate,^[@ref112]^ in contrast to Garg et al. More recently, a report by Si et al. described that a critical \[Br^--^\]/\[Au^3+^\] ratio of ∼200 is necessary for obtaining maximum aspect ratio in the as-grown Au NRs.^[@ref113]^ The NR growth seemed to be poisoned beyond this critical value, thereby yielding shorter lengths, which was explained on the basis of complete blockage of all of the growing facets by the excess bromide ions preventing nanorod formation.

Further investigations on this topic came again from Huang's group, where they demonstrated systematic shape evolution in the growth of highly faceted Au NCs ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b) by simply varying the I^--^ content while using a CTAC and KI combination.^[@ref109]^ They noted a preferential growth of {111} facets accompanied by a suppression of the growth of {110} facets due to an increased amount of iodide, i.e., reduction of gold ions along different crystallographic directions was modulated by the I^--^ ions, which contributed to the understanding developed by the Korgel and Mirkin groups earlier.^[@ref10],[@ref105]^ Jiao et al. examined the synergistic interaction between iodide and silver ions as a factor that influences growth evolution of Au NCs ranging from thick NRs, cuboidal NRs, dogbone-like NRs to dumbbell NRs.^[@ref114]^

Mirkin's group offered a systematic study as a follow up of their earlier work on the highly faceted concave Au nanocubes^[@ref107]^ that aimed to introduce some method in the various (and at times conflicting) interpretations obtained from the previous reports that used several combinations of halide ions in the seeded growth of Au NCs.^[@ref115]^ In this 2012 report, Langille et al. demonstrated that the ratio of silver and halide ions and the nature of the halide counterion could be exploited for a rational synthesis design of a range of anisotropic Au NCs. They described three major roles of halide ions:(a)Modulating the reduction potential of Au^+^--halide complexes prior to seed addition---the reduction potential and solubility decreased in the order \[AuCl~2~\]^−^ \> \[AuBr~2~\]^−^ \> \[AuI~2~\]^−^, which led to slow particle growth upon addition of a larger halide ion.(b)Passivating Au NC surfaces---the binding affinity of the halide ions also increases with the size of the halides (Cl^--^ \< Br^--^ \< I^--^) and contributed to the formation of thermodynamically favorable products with increasing concentrations of Br^--^ and I^--^, effects of I^--^ being stronger.(c)Modulating the extent of silver UPD in the silver-assisted synthesis---the extent of modulation depended upon the concentration of the halide ions in solution and followed the interaction trend of Au and Ag with different halides viz. Ag UPD--Cl \> Ag UPD--Br \> Ag UPD--I and Au--I \> Au--Br \> Au--Cl. Furthermore, trace amounts of larger halide ions decreased the stability of the Ag UPD layer, leading to shapes with higher energy facets. On the other hand, larger amounts of Br^--^ or I^--^ prevented silver deposition altogether, thereby limiting the number of accessible shapes.

These synthesis design considerations, which demarcated the role of halide ions from that of silver ions, were schematically summarized by Lohse et al. and have been reproduced in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c and [8](#fig8){ref-type="fig"}d.^[@ref13]^

Another systematic study on the question of halide ions was recently due to DuChene et al., where they used high-purity CTAB and CTAC to ascertain the individual roles of chloride, bromide, and iodide ions on the anisotropic growth of Au nanostructures from citrate-stabilized seeds.^[@ref116]^ This study aimed to address the conflicting reports regarding the role of iodide ions present as impurities in CTAB, with Mirkin's group concluding that the presence of iodide is a requisite for anisotropic growth (formation of NRs and nanoprisms),^[@ref105]^ while Korgel's group offering the opposite viewpoint.^[@ref10]^ The use of high-purity CTAB in the study conducted by DuChene et al. helped them to earmark the role of each halide ion (in the presence of CTAB) without interference from impurities:(a)Br^--^, essential for the formation of Au NRs;(b)Br^--^ and I^--^ (controlled combination), essential for the formation of high-quality Au nanoprisms;(c)Cl^--^, ineffective at promoting anisotropy and detrimental at high concentrations.

These studies, which did not employ silver(I) ions, were a useful addition to Langille's conclusions on similar systems ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c).^[@ref115]^ The results obtained are schematically summarized along with representative TEM images in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a. As mentioned earlier, the degree of specific adsorption of halide ions on low-index Au surfaces scale as I^--^ \> Br^--^ \> Cl^--^ ≫ F^--^,^[@ref17]^ and chloride ions were in addition shown to yield poorly ordered adlayers on low-index Au facets in comparison to bromide and iodide ions.^[@ref18]^ This directly translates into a hindrance toward the formation of facet-selective halide adlayer in the presence of chloride ions, thereby yielding disordered NC growth with a roughly isotropic morphology. Likewise, I^--^ ions exhibit a substantial hindrance toward NR formation due to a strong affinity toward Au{111} facets and hence displace bromide adatoms from these surfaces, leading to the growth of nanoprisms. The necessity of bromide ions for the formation of Au NRs was attributed to strong selective binding on Au{100} facets, which facilitated the elongation in the \[110\] direction.

![Role of iodide ions in the growth of Au nanoprisms enclosed by {111} facets. (a) Presence of iodide ions led to the formation of Au nanoprisms through a seeded-growth protocol, while its absence yielded the more generally known NRs when high-quality CTAB is used as a surfactant. Reproduced from ref ([@ref116]). Copyright 2013 American Chemical Society. (b) Scheme showing the oxidative etching of less stable shapes by iodide ions (actually, tri-iodide ions, I~3~^--^, formed in situ) leading to uniform nanoplates (shown in the TEM image) through a faster seedless synthesis employing CTAC and KI). Reproduced from ref ([@ref117]). Copyright 2013 American Chemical Society.](cr-2018-00158z_0009){#fig9}

From the discussion so far in this section it might seem that the presence of bromide ions is of utmost importance for the formation of Au NRs. However, a recent study from Murray's group shows that bromide ions are not an absolutely necessity for Au NR formation.^[@ref118]^ In this report, Ye et al. demonstrate the synthesis of Au NRs with a high degree of dimensional tunability by using a bromide-free surfactant mixture comprising of alkyltrimethylammonium chloride (such as CTAC) and sodium oleate. Yet, it is imperative to note that this "bromide-free" protocol was not truly free of bromide since the seed NCs were still produced by a standard CTAB-assisted method. They also found that this surfactant mixture is much less sensitive to trace impurities like iodide ions, in contrast to that reported for CTAB by the Mirkin and Korgel groups.^[@ref10],[@ref105]^ Further insights in this regard came from Chen et al. in their 2014 paper where they explored the role of iodide ions in the synthesis of triangular Au nanoplates, albeit in a seedless variation of the growth process involving CTAC and potassium iodide.^[@ref117]^ They demonstrated that iodide serves a dual function: that of selective removal of other less stable shapes by oxidative etching through the formation of the tri-iodide ions (I~3~^--^) in addition to the selective binding to the Au {111} facets, which cumulatively facilitates the uniform formation of the nanoplates. This seedless method, schematically shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b along with a representative TEM image, has an added advantage of being much faster (completed within 10 min) than the traditional seeded growth process that takes several hours and produced monodisperse nanoplates with high yield.

An understanding of the influence of halide ions on the anisotropic growth of Au NCs will not be complete without a microscopic view of the process, which has been lacking until very recently. In the first among a couple of reports by Meena and Sulpizi, molecular dynamics simulations were used to explicitly model the interaction of CTAB with gold (111), (110), and (100) surfaces ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a), where CTAB molecules were found to be forming a layer of distorted cylindrical micelles.^[@ref119]^ The channels among these micelles provided direct ion access to the surface and allowed ions like AuCl~2~^--^, found in the growth solution, to freely diffuse to the gold surface from the bulk solution. The anisotropic growth was clearly shown to be favored due to a lower CTAB on (111) surfaces which also exhibited higher electrostatic potential---a combination that favors higher growth rate at the tip (111) facets. This study was followed by another one from the same group, wherein they simulated the adsorption of CTAB/CTAC mixtures (at different ratios) on gold surfaces.^[@ref120]^ They reported that replacing Br^--^ with Cl^--^ (or CTAB with CTAC to be more accurate) led to less compact surfactant layers, and also a lowering in selectivity in packing density among different facets was observed as the Cl^--^ content went up, so much so that upon full replacement the CTAC micelles prefer to diffuse into the electrolyte solution, leaving the gold surfaces unprotected, which leads to isotropic growth as has been reported by several experimental groups and discussed above. As a demonstration, [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b shows the snapshots of simulations performed on the adsorption of aqueous NaCl and NaBr solutions on Au(111) surfaces and shows a higher likelihood of finding Br^--^ ions closer to the surfaces than Cl^--^ ions.

![Theoretical descriptors of halide ion influence on the anisotropic growth of Au NRs. (a) Snapshots from molecular dynamics simulations of interaction of CTAB molecules (in aqueous solutions) with different facets of a gold NR. Reproduced from ref ([@ref119]). Copyright 2013 American Chemical Society. (b) Snapshots from molecular dynamics simulations of interaction of NaCl (left) and NaBr (right) with Au(111) surface with the respective ion density as a function of distance plotted below the snapshots. Water molecules represented as sticks. Adapted with permission from ref ([@ref120]). Copyright 2016 Royal Society of Chemistry. (c) Ball-and-stick model of the crystal lattice of the CTAB--AgBr complex (Br, brown; Ag, large gray spheres; C, gray; H, white; N, blue). (d) Wulff construction of a gold nanoparticle seed showing the preferential adsorption of CTAB--AgBr complex on the {100} planes, which leads to the symmetry breaking event. (Yellow atoms constitute the {111} planes, while green ones represent the {100} plane.) Adapted from ref ([@ref121]). Copyright 2014 American Chemical Society.](cr-2018-00158z_0010){#fig10}

A similar conclusion was also drawn by Almora-Barrios et al. in their density functional theory simulations which modeled the synergistic role of silver and bromide ions in the growth of NRs.^[@ref121]^ The computed adsorption energies of just the halide ions on different gold surfaces show that Cl^--^ ions adsorb endothermically, Br^--^ being almost thermoneutral and I^--^ exothermically bonded. This directly translates into Cl^--^ ions being unable to block surface growth while I^--^ ions are too strongly bound, thereby blocking the growth process or the self-healing of labile structures. The binding of Br^--^ ions was deemed ideal since it is strong enough to direct anisotropy but then again weak enough to let self-healing (adsorption/readsorption) during the growth. However, since the NRs grow from spherical seeds, the anisotropic growth should involve a symmetry breaking event in order to induce growth in a particular direction, which is generally brought about by the Ag^+^ ions. A 100% yield of NRs can indeed be ensured by the inclusion of Ag^+^ in the growth solution,^[@ref122]^ but adsorption of silver on different gold facets alone cannot account for the anisotropy. The authors found that it is the formation of a \[Br--Ag--Br\]^−^ complex, entrapped by CTA^+^ cations forming the crystal shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}c, that induces the symmetry breaking event. The resulting CTAB--AgBr complex, as also reported by Hubert et al. earlier,^[@ref104]^ exhibited preferential adsorption on the lateral {100} facets which prompts epitaxial growth of AgBr crystal patches on these facets, thereby blocking growth in this specific direction ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}d).

### 2.1.2. Surface Etching {#sec2.1.2}

From the discussion in the previous section it is apparent that halide ions have a propensity to adhere to gold surfaces with the degree of specific adsorption on low-index Au surfaces scaling as I^--^ \> Br^--^ \> Cl^--^ ≫ F^--^.^[@ref17]^ Numerous researchers have exploited this spontaneous chemisorption of halide ions (especially iodide ions which exhibit the strongest attachment) to instigate interesting changes in the morphology and concomitant properties of Au NCs. In fact, Pal et al. showed that gold dissolution can already be initiated at room temperature in suitable aqueous iodide-containing systems almost 20 years back.^[@ref123]^ One of the earliest demonstrations on NCs, however, was due to Cheng et al. in 2003, wherein they studied the effect of iodide chemisorption on citrate-stabilized Au NCs.^[@ref124]^ The resulting electron injection into the NCs led to particle fusion and fragmentation in solution. The iodide adsorption displaced the surface citrate ions which lowered the surface potential. This led to increased van der Waals attractive forces between the Au NCs. NC aggregation was observed as a result both in solution and on a solid support. Similar aggregation of octadecylamine-capped Au NCs upon using iodide and bromide species was also reported by Singh et al. in 2007.^[@ref125]^ Kanehara et al. showed controllable size tuning of Au NCs through a bromide-induced coalescence pathway.^[@ref126]^ On the other hand, bromide-induced etching has been exploited to reshape Au NCs as well.^[@ref60],[@ref127],[@ref128]^ Tsung et al. shortened Au NRs through an oxidative dissolution which took place selectively at the rod tips in the presence of bromide ions (as CTAB; scheme shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a).^[@ref127]^

![Halide ions acting as etchants on Au NCs. (a) Scheme showing the shortening of Au NRs through oxidative dissolution in the presence of bromide ions. Reproduced from ref ([@ref127]). Copyright 2006 American Chemical Society. (b) Schematic end-to-end assembly formation of shape-controlled cadmium chalcogenide NCs of various geometries, mediated by the coalescence of tip-Au domains induced by molecular iodine. Reproduced with permission from ref ([@ref130]). Copyright 2009 John Wiley and Sons. (c) Schematic illustration of vertex erosion and crevasse formation in Au nanoplates through oxidative dissolution in the presence of Br^--^ ions in a simultaneous growth and etching process. Adapted from ref ([@ref132]). Copyright 2009 American Chemical Society. (d) Sketch showing the formation of iron oxide nanocontainers and concave nanoparticles formed through iodine-induced leaching out of gold domains from the starting Au(core)/iron oxide (shell) heteronanostructures. Adapted from ref ([@ref134]). Copyright 2011 American Chemical Society. (e) Formation of spongelike gold nanostructures under the influence of postsynthetic halide treatment on citrate-stabilized Au NCs. Adapted from ref ([@ref136]). Copyright 2014 American Chemical Society.](cr-2018-00158z_0011){#fig11}

Iodine has been shown to fuse gold NRs through dissolution by Wang et al. in 2008.^[@ref129]^ This iodide-induced gold dissolution approach was used to weld gold domains grown on the tips of shape-controlled cadmium chalcogenide NCs by Figuerola et al. in 2009 in order to obtain end-to-end assemblies of various geometries.^[@ref130]^ They exploited the shape anisotropy of these NCs to selectively grow Au islands at specific locations on their surfaces. Small amounts of molecular iodine were then used to destabilize and induce coalescence of the gold domains belonging to different NCs, thereby forming larger Au particles bridging two or more NCs through their tips. This "nanowelding" approach led to linear and cross-linked chainlike assemblies of NRs, propeller, and flowerlike structures from bullet-shaped NCs and networks of tetrapods (schematically shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b). This strategy can be envisaged as a robust alternative to organic and biomolecule-mediated assembly as it introduces an inorganic junction between the NCs.

In an alternative protocol, halide ions have been shown to be effective agents in concurrent growth and etching processes aimed at obtaining NCs with more complex shapes. Guo et al. described the formation of irregularly layered assemblies of gold nanoplates in the presence of Cl^--^ moieties in 2008, where a slower rate of reduction was attributed to the oxidative etching of the gold atoms by Cl^--^ ions.^[@ref131]^ The following year Soejima et al. presented a room-temperature "nanocarving" strategy for obtaining complex gold nanoplates having corolla- and propeller-like architectures using bromide ions in a one-pot method.^[@ref132]^ In this simultaneous growth and etching of gold nanoplates in aqueous solution in the presence of poly(vinylpyrrolidone) and molecular oxygen, bromide ions serve the dual role of inhibiting growth along the {111} direction by forming stable adlayers (while promoting growth along the lateral {110} direction) and promoting oxidative dissolution of gold NCs by converting the oxidized Au(I) species to soluble AuBr~2~^--^ ions that led to the formation of ultrathin nanocrevasses ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}c).

Other examples of halide-based dissolution protocols include oxidation and subsequent dissolution of Au NCs in the presence of Br^--^ (as tetraoctylammonium bromide) and air.^[@ref133]^ Also, the iodide dissolution method was put in use for more complex cases such as that for leaching out gold from Au(core)/iron oxide (shell) heteronanostructures to obtain iron oxide nanocontainers and nanoparticles with reactive concave surfaces ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}d), as demonstrated by George et al. in 2011.^[@ref134]^ Liu et al. used the influence of Br^--^ additive (NaBr) that fused the glutamic acid-stabilized gold nanoparticles together to fabricate sponge-like gold nanostructures.^[@ref135]^Other sodium halide salts resulted in the formation of irregular aggregates instead, with NaI leading to the formation of larger nanoparticles as well. The reactivity of the different halides was in line with their degree of affinity to gold surfaces (I^--^ \> Br^--^ \> Cl^--^ ≫ F^--^, as per Magnussen et al.^[@ref17]^). In particular, NaF and NaCl were unable to replace glutamic acid from the gold surfaces and induced aggregation through a screening effect of the salt addition. Br^--^ and I^--^, on the other hand, were able to replace the ligands where I^--^ was reactive enough to augment the van de Waals interaction among the NCs leading to faster aggregate formation and particle enlargement. The primary factor behind the sponge formation was believed to be the subtle balance between the van der Waals attractive forces and the electrostatic repulsion among gold surfaces which was found to be optimum for Br^--^ in this case. Later, Zhang et al. extended this study to citrate-stabilized gold NCs to yield similar spongelike structures.^[@ref136]^ The morphology of the sponges was dependent on the nature of the halide ions ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}e), as also described by Liu et al. More recently, Stein et al. studied the kinetics of these processes on polyethylene glycol-stabilized Au NCs in highly concentrated halide solutions.^[@ref137]^ Oxidative etching of Au NRs by hydrogen peroxide and assisted by halide ions was also found to follow a similar trend.^[@ref138]^

More recently, there have been reports in the literature where halide-induced etching/dissolution was put to interesting uses. Korgel et al. reported that halide-containing surfactants play an important role in ordered structural transitions in dodecanethiol-capped NC superlattices when heated.^[@ref139]^ They showed that in the absence of any halide-containing surfactants the superlattices do not undergo any transitions until about 190--205 °C when the gold cores coalesce. On the other hand, in the presence of halide-containing surfactants (and oxygen), the same phenomenon occurs at a much lower temperature since the thermal stability of the NCs was reduced through the destabilization of the Au--thiol bond. Zhang et al. demonstrated that the iodine-mediated etching of Au NRs can be employed for the quantitative detection of dissolved oxygen through monitoring the spectrophotometric signatures of nanorod shortening, i.e., blue shift of the longitudinal surface plasmon resonance band.^[@ref140]^ Desmonda et al. demonstrated the influence of halide additives to generate Au nanostructures attached to paper for surface-enhanced Raman scattering substrates.^[@ref141]^ Another example of the influence of halide ions in the etching of gold nanoparticle was reported by Saa et al.,^[@ref142]^ who identified the enzyme horseradish peroxidase as a suitable agent capable of inducing a gradual oxidation of gold NRs, with only trace concentrations of hydrogen peroxide. Halide ions were found to be essential for this reaction to take place. The fact that low amounts of hydrogen peroxide were required to trigger this reaction enabled the authors to exploit the process to design a sensor for detecting physiological glucose concentrations in the human serum.

### 2.1.3. Alloyed NC Growth {#sec2.1.3}

Halide moieties have proved to be important factors in devising successful growth strategies for NCs of alloyed or bimetallic compositions with Au. For instance, Tsuji et al. described a two-step microwave-assisted polyol synthesis of Au\@Ag core--shell NCs where the presence of Cl^--^ moieties was essential for obtaining the desired geometry.^[@ref143]^ The core--shell geometry was achieved through growing an Ag shell on a preformed Au core which was not feasible in the absence of Cl^--^ ions. The amount of Cl^--^ ions was calculated by taking into account the contribution from HAuCl~4~, the gold precursor. The presence of Cl^--^ ions contributed to oxidative etching of homogeneously nucleated Ag clusters and favored the heterogeneous nucleation on Au seeds. Furthermore, the formation of AgCl reduced the reaction kinetics through reduced availability and nucleation from the Ag precursor, leading to slow facet-selective crystal growth.

Further studies on a similar system were performed by Hong et al., where they demonstrated an Ag shell growth on Au nanodisks as seeds in the presence of I^--^ ions in aqueous solution.^[@ref144]^ The I^--^ additives were useful in tuning the direction of the shell growth, i.e., the shell was formed homogeneously over the entire nanodisk surface in their absence, while their presence dictated the growth in the direction perpendicular to the basal plane of the nanodisks. This difference was attributed to slow reaction kinetics (due to formation of more stable AgI) along with the selective heterogeneous nucleation and growth of Ag on the basal {111} facets where I^--^ ions preferentially adhere and draw the Ag^+^ ions to the surface for eventual reduction.

Overgrowth of Ag shell on preformed Au seeds and the effect on halide additives on the growth process was further explored by Gómez-Graña et al.^[@ref145]^ The authors performed the growth process on Au seeds of various morphologies in aqueous solution and concluded that Ag{100} facets are preferentially formed on the shell regardless of the starting morphology and are stabilized by Cl^--^ ions. The representative HAADF-STEM images of various nanostructures obtained by the authors are shown in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}a. This study was built upon the one from Park et al. describing the Ag shell growth in aqueous solution assisted by slow growth kinetics due to the interaction between Br^--^ ions (from CTAB) and the Ag precursor.^[@ref146]^ More exotic shapes like Ag\@Au--Ag concave NCs have recently been synthesized in the presence of CTAC-derived Cl^--^ ions by Ahn et al.^[@ref147]^ The authors suggest that halide-assisted oxidative etching and selective facet deposition are responsible for obtaining this specific morphology.

![Halide-assisted nanoheterostructuring with Au. (a) Representative HAADF-STEM images of Au\@Ag core--shell NCs of various geometries obtained by seeded growth in the presence of Cl^--^ ions. Adapted from ref ([@ref145]). Copyright 2013 American Chemical Society. (b) Scheme showing the effect of competition between Br^--^ and I^--^ ions on the morphology of Pd--Au--Pd segmental NRs. Reproduced from ref ([@ref151]). Copyright 2013 American Chemical Society.](cr-2018-00158z_0012){#fig12}

Au--Pd is another combination that has been explored at the nanoscale extensively due to its various catalytic applications. Lee et al. demonstrated a CTAC-assisted one-pot synthesis of Au\@Pd core--shell NCs, a geometry not accessible in the presence of a stronger reductant like ascorbic acid (and hence faster reduction kinetics).^[@ref148]^ It was not clear whether oxidative etching by the Cl^--^ ions was responsible for shape focusing however. Similar influence of Cl^--^ ions was also demonstrated by Lu et al. in their seed-mediated aqueous synthesis of tetrahexahedral Au\@Pd core--shell heteronanostructures.^[@ref149]^ This unique morphology was obtained only when CTAC was used; CTAB led to the formation of cubic core--shell morphology, while the absence of any halide additive resulted in irregular shapes accompanied by smaller Pd NCs. The oxidative etching of the homogeneously nucleated Pd by the added halide ions was clearly at play here in the exclusive formation of the heteronanostructures.

The influence of I^--^ ions was explored by Annan et al. on the seed-mediated synthesis of rod-shaped Au\@Pd core--shell NCs as well.^[@ref150]^ The final morphology was dependent on the presence (or absence) of I^--^ ions since their selective adsorption on the Pd{110} facets led to changes in the relative growth rate of the three low-index facets \[{111}, {110}, and {100}\]. Hence, the presence of I^--^ ions led to the exposure of both {110} and {111} facets in the shell morphology, while in their absence, only {100} facets were dominant. Other exotic structures can also be accessed with the presence of I^--^ ions in the growth mixture such as the recently reported Pd--Au--Pd segmental nanorods synthesized through Pd overgrowth on Au decahedral NCs through a seed-mediated process.^[@ref151]^ The growth was said to have been mediated by the competition between Br^--^ (from added CTAB) and I^--^ ions toward complexing with the Pd precursor and adsorbing on the Au decahedra, modifying the kinetics in the process. PdBr~4~^2--^ being more reactive that PdI~4~^2--^ led to faster growth, while a higher concentration of Br^--^ reduced the adsorption of I^--^ on the Au decahedra, facilitating the formation of the segmental nanorod geometry. Lower Br^--^ concentration, on the other hand, enabled homogeneous nucleation through increased adsorption of I^--^ on the surfaces of Au decahedra which reduced their surface activity (scheme shown in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}b). Similar growth strategies for obtaining Au\@Pd NCs involving halide additives as directional overgrowth agents were also reported by other authors.^[@ref152],[@ref153]^ In fact, I^--^ ions were shown to assist the formation of exotic heteostructures like Au--Pd--Au core--shell--frame nanobricks through limiting the growth of the Pd seeds along the {100} surfaces at the corners and edges, facilitating the Au depositions at those sites in the process.^[@ref154]^

A recent report on the hydrothermal synthesis of Au--Pd heteronanostructure exploits the differential reduction rates of Au and Pd precursors when varying Br^--^/Cl^--^ ratios were used to separately obtain core--shell and alloyed geometries.^[@ref155]^ In this study, Hsu et al. tuned the CTAB/CTAC ratio to modulate the reduction rates of HAuCl~4~ and H~2~PdCl~4~ in a coreduction process. In the presence of excess Br^--^ (or CTAB), the reduction rates of resulting precursor complexes AuBr~4~^--^ and PdBr~4~^2--^ are well balanced leading to the formation of alloyed NCs. On the contrary, at higher Cl^--^ concentrations, the core--shell geometry with a higher local gold content in the core was observed, and this was attributed to the much faster reduction rates for AuCl~4~^--^ than PdCl~4~^2--^ complexes.

2.2. Silver NCs {#sec2.2}
---------------

### 2.2.1. Altered NC Growth Kinetics {#sec2.2.1}

Unlike Au NCs where the effect of halide ions can almost never be neglected due to chloroauric acid (HAuCl~4~) being the choice gold precursor, the influence of halide ions on the growth and transformation of silver (Ag) NCs can be properly delineated since the primary precursor is generally the halide-free silver nitrate (AgNO~3~). Major contributions in this regard came from Xia's group, where they studied the effect of halide handles on the so-called polyol synthesis of Ag NCs over the years.^[@ref62],[@ref156]−[@ref160]^ The polyol synthesis involves the reduction of silver precursor (silver nitrate) by ethylene glycol at elevated temperatures in the presence of poly(vinylpyrrolidone). In the first such report in 2004, Wiley et al. studied the consequences of adding minute amounts of NaCl to the standard polyol synthesis of Ag nanostructures.^[@ref62]^ They observed dramatic changes on the synthetic pathways and the morphologies of both the nuclei and the products. The addition of Cl^--^ species led to the formation of monodisperse batches of single-crystalline Ag nanoparticles of the shape of cubes and tetrahedrons with truncated corners and/or edges. The influence of halide ions is remarkable in this scenario since it is generally difficult to obtain high yields of single-crystal Ag nanoparticles due to twinning at small sizes. At small particle sizes thermal instabilities can provide sufficient energy to induce fluctuations between single-crystal and twinned morphologies, the rates of which decrease with increasing particle size.^[@ref161]^ Hence, a mixture of single-crystalline, single-twinned, and multiply twinned structures is generally produced in a Boltzmann-like distribution of crystal structures with the lowest energy multiply twinned dodecahedron being the most abundant one.^[@ref162]^ In the presence of Cl^--^ ions, the higher reactivity of twinned particles can lead to oxidative dissolution of these nanoseeds early on during the reaction, leading to a slow nucleation and growth of nanoparticles where reduction of silver ions would compete with the oxidative dissolution of the twinned nuclei. In the course of the reaction, the single-crystal seeds continued their slow growth whereas the twinned seeds were eventually consumed, as depicted in [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}a.

![Effect of halide ions on the growth of Ag NCs. (a) Cl^--^-assisted synthesis of single-crystal Ag NCs where oxidative dissolution of twinned seeds led to high monodispersity in the final cubes and tetrahedrons with truncated corners and/or edges. Reproduced from ref ([@ref62]). Copyright 2004 American Chemical Society. (b) Reduction of the diameters of Ag NWs synthesized by the polyol method in the presence of Br^--^ ions, which slowed reduction kinetics through forming stable complexes with the Ag^+^ ions. (c) Transparent conducting film fabricated from the same Ag NWs. Adapted from ref ([@ref58]). Copyright 2010 American Chemical Society. (d) Mechanism governing the heterogeneous nucleation and growth of Ag NWs from AgCl precursors. Reproduced from ref ([@ref163]). Copyright 2013 American Chemical Society.](cr-2018-00158z_0013){#fig13}

This study was followed by reports on using hydrochloric acid by Im et al.^[@ref156]^ and iron(III) chloride by Zhou et al.^[@ref164]^ for the synthesis of single-crystal nanocubes. Apart from being a more robust etching procedure, silver chloride (AgCl) was found to form at the initial stages which might have served as seeds in this case, similar to that for Ag NWs (vide infra). Indeed, Chang et al. showed later that they could produce Ag NWs through the same pathway by simply aging the freshly prepared AgNO~3~ precursor solution for 5 min.^[@ref165]^ In this case, the aging process merely increased the density of seeds and also changed the population of single and twinned crystal seeds. Later, HCl was also used to demonstrate size tuning in Ag NCs making use of its oxidative etching ability.^[@ref166]^ Then in 2006 Wiley et al. reported the selective nucleation of silver nanoparticles with a single (111) twin which could be grown into right bipyramids by a polyol method in the presence of NaBr.^[@ref157]^ These single-twinned seeds were not produced when Cl^--^ ions were present, possibly due to the more corrosive nature of these ions which preferentially etched the twinned particles away. The relatively less corrosive Br^--^ ions etched away those seeds with multiple twin defects but left the seeds with a single twin defect to grow. Subsequent modification of this synthesis protocol, wherein the concentration of Br^--^ was doubled, led to the formation of Ag nanobars.^[@ref158]^ Later, Zhang et al. examined this protocol in more detail to conclude that ionic bromide salts were more effective for the nanobar formation than covalent molecules.^[@ref159]^ Chloride and iodide ions were ineffective toward nanobar formation; Cl^--^ yielded nanocubes, whereas I^--^ led to the formation of cuboctahedra.

In 2012, Br^--^ addition in the polyol synthesis was exploited to produce Ag nanowires with diameters smaller than 30 nm which can be used as conductive elements in transparent electrodes commonly employed in touch screen panels and flat and flexible displays.^[@ref167]^ For instance, Hu et al. successfully reduced the diameters of pentatwinned Ag NWs to less than 50 nm from about 100 nm through the addition of KBr in polyol synthesis ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}b) and fabricated transparent conductive films from them ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}c).^[@ref58]^ Then in 2013 Lee et al. reduced the diameters further to the range of 15--30 nm through a high-pressure polyol synthesis in the presence of a mixture of Br^--^ and Cl^--^ ions.^[@ref168]^ In 2015, further control on the diameter and concomitant optoelectronic performance of Ag NWs through adjusting the concentration of Br^--^ (in the added Br^--^ and Cl^--^ mixture) was demonstrated by Li et al.^[@ref169]^ It is important to note that the halide ions serve to bind with Ag^+^ ions generating more stable complexes which slow down the reduction kinetics,^[@ref58],[@ref170]^ in addition to NC surface capping which reduces the rate of atomic addition to the growing NWs as well.^[@ref171]^ However, the decrease in diameter observed by Li et al. upon Br^--^ addition was believed to be caused by an increase in the number of nucleation events, with a smaller contribution from slower reduction kinetics. This increase in nucleation events was attributed to the formation of a silver halide nanoparticle precipitate, which has been demonstrated to be an effective agent for heterogeneous nucleation of Ag NWs ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}d).^[@ref163],[@ref172]^

This complex interplay of the various factors dictating the growth kinetics was put to good use by da Silva et al. in 2016 to further refine the synthesis and obtain Ag NWs with a pentatwinned structure of even higher aspect ratios (∼1000, with diameters \< 20 nm) through restraining their lateral growth by both Br^--^ and poly(vinylpyrrolidone) which capped the {100} side facets.^[@ref160]^ They slowed down the reduction kinetics by introducing the AgNO~3~ precursor through a syringe pump and by using Br^--^ at an appropriate concentration at the same time, so that the precursor gets converted into a more stable silver bromide (AgBr). Using Cl^--^ additive (NaCl) instead of Br^--^ resulted in larger diameter NWs, which means that Cl^--^ ions were less effective in slowing down the reaction kinetics and hence confining the lateral growth. On the other hand, the formation of the sparingly soluble AgI upon adding NaI slowed the reaction kinetics to such an extent that it led to the formation of large and irregular structures.

Indeed, it was the presence of Cl^--^ ions in polyol synthesis that was previously exploited to produce Ag NWs. For instance, in one of the first such reports, Gou et al. presented a microwave-assisted polyol synthesis of Ag NWs in the presence of NaCl in 2007.^[@ref170]^ The rapid microwave heating was believed to have created more nucleation sites, but oxidative dissolution of many of these sites resulted in a dynamic equilibrium which favored a 1D growth. Oxidative etching of smaller particles by Cl^--^ ions was also demonstrated to play an important part in yielding Ag NWs by Tsuji et al.^[@ref175],[@ref176]^ Slowed down reduction kinetics due to the formation of AgCl was indicated to be responsible for the NW growth later.^[@ref177]^ However, unlike Br^--^ (as described in the previous paragraph), the amount of added NaCl exhibited hardly any remarkable effect on the diameter and the length of the NWs,^[@ref178]^ although a recent report claims diameter and aspect ratio tunability with Cl^--^ ions when used in conjunction with the added oxidative ability of Fe^3+^ ions.^[@ref179]^

Apart from the oxidative role played by halide ions, chemists have also separately explored the anisotropic growth of Ag NCs promoted by halide ions selectively capping specific crystal facets. Kim et al. described selective vertical growth in Ag nanoplates in the presence of I^--^ ions, wherein they were able to control the lateral and vertical dimensions of the nanoplates by varying the time at which the I^--^ ions were added to the growth mixture ([Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}a).^[@ref173]^ The nanoplates were composed of basal {111} facets and alternate {111} and {100} facets on the edges. As is apparent from the scheme depicted in [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}a, halide ions promoted the growth in the {100} direction in the order of Cl^--^ \< Br^--^ \< I^--^. Along similar lines, Zhang et al. reported the formation of Ag nanoplates with a triangular or hexagonal shape in the presence of Cl^--^ ions, which exhibited further vertical growth into truncated right bipyramids or twinned cubes on addition of AgNO~3~ depending upon the Cl^--^ concentration ([Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}b).^[@ref174]^ They used HAuCl~4~ as the Cl^--^ source and that for Au to be used as a marker in electron microscopy analysis. The {111} facets were believed to have grown in preference to the {100} facets when Cl^--^ ions were present.

![Selective facet capping by halide ions as a Ag NC growth promoter. (a) Growth promotion in the {100} direction of Ag nanoplates leading to selective vertical growth in the presence of I^--^ ions, with the resulting morphology dependent upon the time of addition of the I^--^ species. Reproduced with permission from ref ([@ref173]). Copyright 2014 Royal Society of Chemistry. (b) Vertical growth in Ag nanoplates in the presence of Cl^--^ ions introduced as HAuCl~4~; morphology dependent on the Cl^--^ concentration. Reproduced from ref ([@ref174]). Copyright 2014 American Chemical Society.](cr-2018-00158z_0014){#fig14}

### 2.2.2. Sculpting NCs through Etching {#sec2.2.2}

The corrosive nature of halide ions toward metal surfaces had been utilized in sculpting different morphologies for Ag NCs by various researchers. An et al. used Cl^--^ ions to etch out the corners and side facets of photochemically prepared citrate-stabilized Ag nanoprisms to obtain disk-like NCs.^[@ref180]^ The silver atoms at the side {110} and corner facets possess higher surface energy (owing to a lower Ag coordination number) than those at the basal {111} planes^[@ref181]^ and hence were etched away with relative ease. Moreover, the vertex areas of the nanoprisms were capped with a lesser amount of citrate ions than the basal facets and were more susceptible to the Cl^--^ attack. The sculpting process produced small Ag clusters which were believed to have formed from the etched-out Ag atoms, and might have contributed to the increase in thickness of the resulting nanodisks through deposition on the basal planes. This two-stage sculpting process is depicted in [Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"}a. The same group then went on to study the effect of the nature of halide ions on the sculpting process and suggested that the etching ability followed the order of Cl^--^ \< I^--^ \< Br^--^.^[@ref182]^

![Halide ions acting as etchants on Ag NCs. (a) Mechanism of the two-stage sculpting process of Ag nanoprisms in the presence of Cl^--^ ions: (I) Ag atoms getting etched off from the vertex areas and (II) the small Ag clusters formed from the etched-out Ag atoms deposit on the basal planes increasing the thickness of the resulting nanodisks. Reproduced from ref ([@ref180]). Copyright 2008 American Chemical Society. (b) Colorimetric sensing of Cl^--^ ions at different concentrations by silver nanoplates. Reproduced from ref ([@ref183]). Copyright 2008 American Chemical Society.](cr-2018-00158z_0015){#fig15}

These reports were followed by a consecutive growth-and-etch process described by Cathcart et al. in 2009.^[@ref184]^ They obtained Ag NCs of various planar twinned morphologies ranging from the starting triangular nanoprisms to hexagonal and rounded platelets and to smaller cubic and bipyramidal particles by this method, accompanied by the concomitant plasmon resonance tuning. The nanoprism edges were rounded when the synthesis was performed in the presence of Br^--^ ions, while introducing Cl^--^ ions during the synthesis led to the formation of larger and well-defined nanoprisms. The NC transformations by the postsynthetic halide treatment were affected by the nature of the halide ions, with Cl^--^ bringing about a slower change than Br^--^ and I^--^ at the same concentration, in line with the degree of halide adsorption (I^--^ \> Br^--^ \> Cl^--^) and resulting covalency in the metal--halide bond. The sensitivity of the plasmon resonance optical response of the Ag NCs in the presence of halide ions was demonstrated by Linner et al. back in 1993^[@ref185]^ and has been exploited for colorimetric detection of halide ions by Jiang et al. in recent times (2008), as shown for the detection of Cl^--^ ions at ppm level concentration in [Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"}b.^[@ref183]^

2.3. Palladium NCs {#sec2.3}
------------------

### 2.3.1. NC Growth Modulation {#sec2.3.1}

Similar to the other noble metals crystallizing in the face-centered cubic crystal structure discussed so far (Au and Ag), halide ions show particular propensity to bind strongly to high-index crystal facets (those having at least one index larger than 1) of Pd surfaces as well.^[@ref80]^ Naturally, this tendency has also been exploited in the growth and transformation of Pd NCs. The effect of halide ions on the polyol process (as had been used extensively in the case of Ag NCs; see [section [2.2.1](#sec2.2.1){ref-type="other"}](#sec2.2.1){ref-type="other"}) as a suitable synthetic handle for synthesizing Pd NCs had been demonstrated early on by numerous reports from Xia's group.^[@ref186]−[@ref191]^ However, unlike Ag NCs, the polyol synthesis of Pd NCs involves the reduction of PdCl~4~^2--^ precursor, which already contains Cl^--^ species, by ethylene glycol at elevated temperatures in the presence of poly(vinylpyrrolidone). In the first of these reports in 2005 Xiong et al. showed that the oxidative dissolution by added Cl^--^species led to the removal of twinned particles leaving behind the single-crystal cuboctahedra, similar to that in the silver system.^[@ref186]^ Almost immediately followed another report from Xiong et al., which described the selective synthesis of triangular or hexagonal nanoplates through a substantially slowed down growth kinetics by introducing a couple of oxidative etchants in the growth mixture: Fe(III) and Cl^--^ species.^[@ref187]^ The dual oxidative dissolution of the multiply twinned particles (from their admixture with single-crystal particles) was necessary to achieve a tighter control over the nucleation and reduction kinetics and obtain anisotropic thin platelets. Both of these processes were extremely slow and led to the continuous growth of the Pd seeds as more Pd atoms were added to their surfaces, although the small number of seeds and high Pd precursor concentration led to additional nucleation events forming Pd atoms. However, the formation of thermodynamically favored single-crystal cuboctahedra could not be completely prevented, and the final product exhibited a relatively broad distribution in shape and size.

These reports were followed by another one from Xiong et al. where they demonstrated the growth of highly anisotropic Pd nanostructures viz. nanobars bounded by {100} facets and single-crystal NRs with {100} and {110} lateral facets in kinetically controlled conditions achieved through the chemisorption of Br^--^ ions on the seeds which promoted the formation of these facets.^[@ref188]^ The one-dimensional growth was induced through the breaking of the cubic symmetry of the Pd fcc structure that was accomplished through an interplay of various processes which also include the oxidative etching by the Cl^--^ ions (from PdCl~4~^2--^ precursor) of one specific facet, apart from the Br^--^ chemisorption. This localized oxidative etching creates an active site for atomic addition, which leads to the formation of an elongated nanostructure with a square cross-section when done quickly and when done at medium rate leads to the formation of nanobars ([Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}a). The NRs obtained were thinner than the nanobars, since more seeds were formed at a faster reduction rate.

![Influence of halide ions as the growth of Pd NCs. (a) Mechanistic pathways responsible for the formation of Pd NRs and nanobars in the presence of Br^--^ ions, with representative TEM images of the respective nanostructure. Kinetically controlled growth accomplished through the chemisorption of Br^--^ ions that promoted the {100} and {110} facets. Oxidative etching was realized by the Cl^--^ ions from the PdCl~4~^2--^ precursor. Adapted from ref ([@ref188]). Copyright 2007 American Chemical Society. (b) Shape modulation through controlling the Br^--^ content in the growth mixture, which selectively adsorbed on the Pd{100} facets and slowed the growth rate along the \[100\] direction. Adapted from ref ([@ref189]). Copyright 2013 American Chemical Society. (c) Geometrical models of the single-crystal Pd nanostructures with various polyhedral shapes that can be achieved through exploiting the interplay between I^--^ content and the reaction temperature which favored the formation of different facets at different combinations. Reproduced from ref ([@ref192]). Copyright 2010 American Chemical Society.](cr-2018-00158z_0016){#fig16}

It is important to note here that corrosion occurs from only one side of Pd nanocubes, even though all of the sides are equivalent {100} facets.^[@ref193]^ This was an important factor in the synthesis of these kinetic products, which could be aged to obtain the more thermodynamically favored cuboctahedrons. Interestingly, Br^--^ ions did not participate in oxidative etching, being less corrosive than Cl^--^. This difference was apparent from the lower aspect ratios of the nanostructures obtained when Na~2~PdBr~4~ was used as the Pd precursor instead of Na~2~PdCl~4~. The influence of the chemisorption was also defined by the halide ions employed. In fact, going by the trend in chemisorption of the halide ions on Pd surfaces (Cl^--^ \< Br^--^ \< I^--^, as per Carrasquillo et al.^[@ref194]^), the surface protection and promotion of {100} and {110} surfaces were not remarkable when KCl was used instead of KBr and led to the formation of the cuboctahedrons. On the other hand, I^--^ chemisorption was so strong that larger particles with well-defined shapes were difficult to grow. The authors also extended this anisotropic shape control to Au and Pt nanostructures.

It is however imperative to remember that in all of these studies by Xia et al. Na~2~PdCl~4~ was used as a precursor which contributed to the halide content of the reaction mixture in ethylene glycol. The role of halides in the formation of the nanocubes, hence, is difficult to delineate without considering the precursor contribution. Huang et al. addressed this issue by using the intrinsically halide-free palladium acetylacetonate as the Pd precursor and demonstrated the formation of Pd nanocubes in dimethylformamide in the presence of I^--^ ^[@ref195]^ instead of Br^--^ for polyol synthesis as described above.^[@ref188]^ The different reaction media and precursors should then be taken into account while discussing the growth processes.

Later in 2013 Peng et al. demonstrated further implications of the selective chemisorption of Br^--^ ions on Pd surfaces.^[@ref189]^ The selective adsorption to Pd{100} facets slowed the growth rate along the \[100\] direction forming cubes enclosed by {100} facets. Ab initio studies on the adsorption behavior of Br on Pd surfaces support such a scenario.^[@ref196]^ Peng et al. further determined a critical concentration of the Br^--^ additive that was able to produce Pd nanocubes. Hence, the morphology of the final product was controlled by the Br^--^ content in the reaction mixture ([Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}b) with the formation of the thermodynamically favored cuboctahedrons in the absence of any Br^--^. Truncated nanocubes with some {111} facets were produced when the amount of Br^--^ was below the critical value, since the Pd{100} surfaces could not be fully stabilized. Liu et al. further demonstrated that these nanocubes could be transformed into octahedra simply through oxidative etching by HCl.^[@ref190]^

Another report from Xia's group investigated the use of iodide ions in manipulating the strength of the oxidative etching and selective capping of the {100} facets.^[@ref191]^ They synthesized Pd right bipyramids (RBPs) that have a singly twinned structure, covered by six right-isosceles triangular {100} facets and bisected by a very thin twin plane along the ⟨111⟩ direction. Similar to Peng et al. (described above),^[@ref189]^ the I^--^ content was crucial in the formation of this unique structure since an increase led to the formation of nanocubes and a decrease resulted in multiple-twinned NRs. Control experiments suggested that Cl^--^ ions have no capping effect on Pd(100) surfaces, unlike Br^--^ and I^--^.^[@ref189],[@ref191]^ Recent (2017) investigations from Xia's group indicate the increased propensity of etching by I^--^ ions at the vertices of the NRs.^[@ref197]^ Also, Peng et al. did not observe the formation of RBPs due to the stronger etching power of the Br^--^ ions which led to dissolution of the twinned seeds blocking the formation of RBPs.^[@ref189]^

Similar conclusions were drawn in reactions performed in an aqueous medium as well. The preferential binding of I^--^ ions to the Pd{100} facets had been used previously to induce anisotropy, albeit in the realm of hydrothermal synthesis of Pd nanostructures.^[@ref198],[@ref199]^ Similarly, Niu et al. demonstrated the synthesis of single-crystal Pd nanostructures with various polyhedral shapes through a seed-mediated protocol where I^--^ was used as an additive.^[@ref192]^ The various shapes (rhombic dodecahedral, cubic, octahedral, and their derivatives) were made accessible through exploiting the interplay between I^--^ content and the reaction temperature which favored the formation of different facets at different combinations ([Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}c). A similar systematic shape evolution was demonstrated by Liu et al., wherein Pd NCs were directly grown in an aqueous mixture of H~2~PdCl~4~, CTAC, KBr, KI, and ascorbic acid.^[@ref200]^ The particle shape control was achieved by adjusting the amount of KBr added. Then in 2014 Lu et al. described a hydrothermal synthesis of 5-fold twinned nanowires and single-twinned RBPs by adjusting the oxidative etching ability of the halide ions through their electrostatic interactions with small organic molecules.^[@ref201]^ Further modulation of the oxidative etching was brought about by using hydrochloric acid (HCl) which led to the shape evolution of Pd NCs from nanocubes bounded by {100} facets to octahedrons bounded by {111} facets.^[@ref202]^ Contrary to the observations by Xiong et al.,^[@ref188]^ the surface protection and promotion of {100} facets leading to the formation of nanocubes was possible even in the absence of Br^--^ additive in this case, probably because the synthesis involved the reduction of H~2~PdCl~4~ precursor in the presence of cetylpyridinium chloride surfactant---a very different chemical environment. Previously, oxidative etching by HCl was utilized in controlling the size of the Pd NCs.^[@ref166]^ Shape control using Cl^--^ ions was also demonstrated by Nalajala et al. in an aqueous medium.^[@ref203]^ They show that the weakly adsorbing Cl^--^ ions can protect the {100} surfaces dictating anisotropic growth when used above a threshold value and the presence of atmospheric oxygen was minimized slowing down the oxidative etching. The amount of dissolved oxygen in the reaction medium was not found to be an important factor when Br^--^ was used instead. In a slightly different approach, Pd NCs were obtained by a Br^--^-mediated laser ablation protocol in water, where the selective adsorption on {100} facets was shown to play a part in forming the resultant morphology.^[@ref204]^

A substantial contribution toward understanding the influence of halide ions on the growth of Pd NCs in aqueous media was also made by Xia's group.^[@ref63],[@ref205]−[@ref210]^ In the first such report in 2007 Xiong et al. presented the synthesis of 5-fold-twinned NRs and RBPs of Pd in aqueous solution containing Br^--^ ions.^[@ref205]^ Later in 2009 Lim et al. reported the growth of Pd nanobars in an aqueous solution through the reduction of Na~2~PdCl~4~ with ascorbic acid in the presence of Br^--^ ions as the capping agent which promotes the formation of {100} facets.^[@ref63]^ The aspect ratio of the obtained nanostructures was controlled simply by adjusting the temperature. Similar to the observations made in the case of polyol synthesis,^[@ref186]^ the population of differently structured seeds (single crystal and twinned) in this case could also be controlled by taking advantage of oxidative etching by Cl^--^ ions contributed from the Na~2~PdCl~4~ precursor when the reaction is performed in air. The coupling of this etching process with the fast reduction by ascorbic acid ensured the formation of the thermodynamically favored single-crystal cuboctahedrons and selective etching of the twinned particles ([Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}a). When Br^--^ ions were added to this reaction mixture, they preferentially chemisorbed onto the {100} facets and favored their formation. This led to Pd NCs enclosed by these very facets, such as nanobars and NRs, similar to the observations by Xiong et al. in the case of polyol synthesis.^[@ref188]^ The localized oxidative etching that took place on only one of the six {100} faces was instrumental in the preferential growth of this particular face.^[@ref193]^ This could break the symmetry of the nanocube eventually leading to anisotropic growth into a nanobar (mechanistically shown in [Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}b, representative TEM image in [Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}c).

![Exploiting the interplay of the etching and capping prowess of halide ions on the growth of Pd NCs. (a) Mechanism showing the formation of thermodynamically favored single-crystal octahedrons and selective etching of the less stable twinned particles by Cl^--^ ions (from the Na~2~PdCl~4~ precursor) in the presence of air and coupled with fast reduction by ascorbic acid. (b) Preferential adsorption of Br^--^ ions to the Pd{100} facets then led to the formation of Pd nanobars when combined with localized oxidative etching by Cl^--^ ions, described in a. (c) TEM image of the nanobars formed by halide mediation. Adapted with permission from ref ([@ref63]). Copyright 2009 John Wiley and Sons. (d) Schematic depiction of the formation of concave nanocubes of Pd through preferential overgrowth of the corners and edges at lower Br^--^ concentrations which favored growth along the ⟨111⟩ and ⟨110⟩ directions. Adapted from ref ([@ref209]). Copyright 2013 American Chemical Society.](cr-2018-00158z_0017){#fig17}

Further mechanistic insights into this growth process were offered in a subsequent report by Lim et al. in 2010, where they demonstrated that the Br^--^-assisted growth at early stages was dominated by particle coalescence, followed by shape focusing through recrystallization^[@ref206]^ In 2011 Jin et al. showed that the rate of reduction of Na~2~PdCl~4~ could be controlled by adjusting the concentrations of the added Br^--^ and Cl^--^ ions.^[@ref207]^ Apart from binding to the {100} facets, the halide species can also modulate the reaction kinetics through forming stable complexes with Pd^2+^ ions in aqueous solutions. Also, upon increasing the amount of ascorbic acid relative to that of Na~2~PdCl~4~ and KBr, concave nanocubes of Pd enclosed by 24 high-index {730} facets could be obtained by a seeded growth protocol where Pd nanocubes were used as seeds.^[@ref208]^ This was possible due to the preferential overgrowth at the corners and edges of a cubic seed along the ⟨111⟩ and ⟨110⟩ directions, which grew faster during fast reduction by increased amount of ascorbic acid, as schematically depicted in [Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}d. A representative TEM image of the concave nanocubes is shown in [Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}e.

The critical role of the Br^--^ capping in the growth of these concave nanocubes has been recently examined by Peng et al. through the application of the collision model.^[@ref210]^ During seed-mediated growth, the incoming Pd atom upon collision can desorb, deposit, or migrate on the surface of the receiving Pd nanocube seed. The presence of a capping agent that passivates selective regions of the seed will then retard the deposition, only letting desorption and migration occur. This means that the incoming Pd atoms can only nucleate and grow on the bare surfaces of the seed. Building on this hypothesis, they demonstrated experimentally that the heterogeneous nucleation of Pd atoms occurred only at the corner and edge sites when the {100} side faces were passivated with chemisorbed Br^--^ ions. On the other hand, upon advanced removal of the Br^--^ ions prior to the seeded growth, the incoming Pd atoms were found to randomly nucleate on the entire nanocube surface.

### 2.3.2. Forming Alloyed NCs {#sec2.3.2}

The halide "factor" that has been exploited in developing growth strategies for Pd NCs, as illustrated in the previous section, has also been put to use while developing synthesis protocols for growing alloyed and bimetallic nanostructures with other metals. Combining Pt with Pd has received considerable attention in this matter, mostly due to Pt being a fundamental catalyst in many processes and also as a way to reduce consumption of the expensive Pt metal in catalysis. In one of these earliest reports in 2009, Huang et al. demonstrated the synthesis of hollow single-crystalline Pd/Pt alloy nanocubes by a solvothermal protocol with dimethylformamide (DMF) as the solvent and I^--^ ions as morphology controllers.^[@ref195]^ They used the halide-free palladium acetylacetonate precursor unlike the more commonly used Na~2~PdCl~4~ as described for numerous reports in the previous section. This provided the authors a unique opportunity to examine the role of halides in these growth processes without having to take the chloride contribution from the precursor into account. The same reaction yielded multiple-twinned NCs in the absence of I^--^ ions and in the presence of other halide ions (F^--^, Cl^--^, and Br^--^). The I^--^ ions preferentially coordinate with the Pd^2+^ ions forming the PdI~4~^2--^ precursor when introduced in a mixture of Pd(acac)~2~/Pt(acac)~2~ in DMF. Although according to reduction potential considerations, Pt(II) should be reduced before Pd(II) upon coordination by the same ligands; the authors showed that Pd nanocubes were formed first followed by their galvanic replacement by Pt(II) species in the presence of I^--^. This variation was attributed to the different reduction kinetics due to more favorable reduction of PdI~4~^2--^ over Pt(acac)~2~. The nanocubes were mainly enclosed by {100} facets.

A hydrothermal synthesis of Pd--Pt nanocubes exhibiting similar faceting was also reported by Yin et al. later in 2011.^[@ref211]^ They used a mixture of Br^--^ and I^--^ ions as {100} facet-selective agents and used K~2~PdCl~4~ as the precursor. In the same year, Zhang et al. described a Br^--^-mediated galvanic replacement by PtCl~6~^2--^ ions from the {100} facets of Pd NCs.^[@ref212]^ Pd--Pt bimetallic NCs with a concave structure were formed due to this site-selective galvanic replacement which led to simultaneous dissolution of Pd atoms from the {100} facets and deposition of the Pt atoms on the {111} facets, as schematically shown in [Figure [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"}a. This selective replacement was proposed to be induced and facilitated by the Br^--^ species through their preferential adsorption on the Pd{100} facets and strong complexation with the Pt^4+^ ions. No replacement occurred in the absence of Br^--^ ions. A similar strategy was also used in the synthesis of Pd--Rh core-frame concave nanocubes by the same group, except that the NCs were created by Rh overgrowth on the edges and corners of the Pd nanocubes and not by replacement.^[@ref213]^

![Alloying Pd with Pt under the influence of bromide ions. (a) Formation of Pd--Pt bimetallic NCs with a concave structure through galvanic replacement mediated by Br^--^ ions---simultaneous dissolution of Pd atoms from the side facets and deposition of Pt on the edges and corners. Reproduced from ref ([@ref212]). Copyright 2011 American Chemical Society. (b) Scheme describing the different rates of reduction in the absence and presence of Br^--^ ions leading to two distinctive structures of Pd--Pt NCs. Adapted from ref ([@ref217]). Copyright 2016 American Chemical Society.](cr-2018-00158z_0018){#fig18}

In 2012 Huang et al. demonstrated the synthesis of single-crystalline Pd--Pt alloy NCs with controllable shapes using halide ions as shape-directing agents.^[@ref214]^ More specifically, in a synthesis performed in DMF with K~2~PdCl~4~ and K~2~PtCl~4~ as respective metal precursors, alloy nanocubes enclosed by {100} facets were formed in the presence of I^--^ ions and octahedra/tetrahedra terminated by {111} facets were obtained when Cl^--^ ions were employed. Intriguingly, a mixture of these nanostructures was obtained when Br^--^ ions were used as an additive. In 2015, a Br-mediated synthesis of Pd\@Pt core--shell nanowires through a galvanic replacement pathway was described by Li et al.^[@ref215]^ Zhang et al. obtained morphologies ranging from dendritic core--shell, layered core--shell, to mesoporous core--shell for Pd--Pt nanoparticles by changing the halide ions added to the growth mixture.^[@ref216]^

For these bimetallic and alloy NCs the principal means by which the halide ions influence the reduction kinetics is largely through them influencing the redox potentials of the metal precursors by way of ligand exchange. The recent contribution from Xia's group is noteworthy, where they elucidated the mechanisms responsible for the formation of Pd--Pt bimetallic NCs with two distinctive structures, which form due to differential relative rates of reduction between Pd and Pt precursors in the presence and absence of bromide ions ([Figure [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"}b).^[@ref217]^ In the absence of Br^--^ ions, the initial reduction rate for PdCl~4~^2--^ precursor was 10 times as fast as that for PtCl~4~^2--^ precursor, resulting in the formation of core--shell Pd\@Pt octahedra. Cube-shaped alloy NCs were formed instead when Br^--^ ions were present, since the ratio of reduction rates dropped from 10 to 2.4 in this case owing to the ligand exchange forming PdBr~4~^2--^ and PtBr~4~^2--^. Also, the selective capping of the {100} facets by Br^--^ ions played a vital role in defining the cubic morphology.

Xia's group also extended these growth strategies in synthesizing Pd--Cu bimetallic tripod NCs by a seeded growth method, where triangular plate-like Pd seeds were used for preferential deposition of Cu on the three corners as the strong binding of Br^--^ ions on the {100} side facets hinders further atomic attachment in those sites.^[@ref218]^ In 2015, Cabot's group demonstrated the synthesis of Pd~2~Sn NRs through a coreduction process in the presence of Cl^--^ ions.^[@ref219]^ The aspect ratio of the NRs was dependent on the Cl^--^ content since the growth at the nanorod tips was aided by the selective desorption of surfactant TOP molecules by Cl^--^ ions.

2.4. Copper NCs {#sec2.4}
---------------

Although halide ions have been demonstrated to play an important role in the growth of Cu NCs by a few research groups, there are not many comprehensive studies on this matter. Nevertheless, the principles behind the effect of halide ions on the growth and transformation of Cu NCs are the same ones as illustrated above. One of the first reports was due to Filankembo et al. in 2003.^[@ref220]^ They demonstrated the growth of Cu NRs in Cu(AOT)~2~--isooctane--water solution enabled by the chloride ions where the aspect ratio was varied by adjusting the chloride concentration in the growth mixture. Br^--^ ions, on the other hand, had an almost negligible effect on the aspect ratio increment. Similar to the case of other fcc metals as seen above, the nanorod formation was attributed to the selective adsorption of Cl^--^ ions on the side {100} facets, thus hindering their growth, while the tip {111} facets grew preferentially. Further studies on this microemulsion-based system were performed by Kitchens et al., where propane was used as a solvent and HCl as the source of Cl^--^ ions.^[@ref221]^ They reported a faster growth rate at a higher concentration of Cl^--^ ions in the growth mixture. The corrosive nature of halide ions was also used by Huang et al. in preparing CuO nanoshells from Cu nanoparticles.^[@ref222]^ In 2013, Venkatasubramanian et al. demonstrated an electrochemical approach for the synthesis of anisotropic copper nanoplates in the presence of Br^--^ ions.^[@ref223]^ The Br^--^ ions were said to bind selectively to the higher energy {111} crystal facets constituting the faces of the nanoplates, thereby altering the relative surface energies of the various facets and influencing the growth kinetics, which favored lateral growth.

2.5. Rhodium NCs {#sec2.5}
----------------

Similar to Pd, Rh NCs are also important for many catalytic applications, and hence, an understanding of the effect of their faceting on the catalytic performance is important. However, such manipulation of morphology and even more so the effect of halide on that, as has been discussed in the case of other noble metals, has otherwise been challenging for Rh NCs which is reflected in the far fewer number of reports in this case. The first such demonstration was by Somorjai's group in 2008, where trimethyl(tetradecyl)ammonium bromide was used as Br^--^ source in a polyol synthesis, which stabilized the {100} facets of Rh nanocubes and facilitated their formation in the process.^[@ref224]^ However, RhCl~3~ was used as the Rh precursor, and hence, the Cl^--^ ion contribution on the growth cannot be completely ruled out, although no chlorine was detected in the subsequent elemental analysis of the nanocubes. Br^--^ ions induced the shape selectivity as is evident from the primary products being cubes and truncated cubes, while in its absence faceted yet polydisperse NCs were produced ([Figure [19](#fig19){ref-type="fig"}](#fig19){ref-type="fig"}a). The authors further extended this growth strategy to obtain Pt and Pd nanocubes.

![Halide ions influencing Rh NC growth. (a) Distribution of shapes produced in the presence and absence of Br^--^ ions, with the former showing higher shape selectivity. Adapted from ref ([@ref224]). Copyright 2008 American Chemical Society. (b) Schematic showing the epigrowth of Rh on Pd (and Au) NCs in the presence of I^--^ ions. Adapted from ref ([@ref227]). Copyright 2012 American Chemical Society.](cr-2018-00158z_0019){#fig19}

The effect of various halide ions on Rh NC growth in the aqueous media was investigated by Yuan et al.^[@ref225]^ They obtained varying morphologies such as cubes, horned particles, dendrites, and network-shaped wires upon changing the halide additive. Previous to that, Bi et al. synthesized hollow Rh nanotubes through galvanic replacement between Ag nanowires and RhCl~3~ in the presence of I^--^ ions, which reduced the redox potential of Ag species and hence made the replacement possible.^[@ref226]^ Regarding exotic nanostructures of Rh, Sneed et al. made an important contribution through their report on Rh epigrowth on Au and Pd NCs mediated by I^--^ ions.^[@ref227]^ The surfaces of the well-defined Au and Pd NCs were used as substrates for epitaxial overgrowth of Rh in an aqueous medium with ascorbic acid being used as a reducing agent in the presence of CTAB. The Rh islands formed on the Pd (or Au) surfaces in a grid-like arrangement, as shown schematically in [Figure [19](#fig19){ref-type="fig"}](#fig19){ref-type="fig"}b. This overgrowth was not possible to achieve in the absence of I^--^ ions, however. The authors allude to different roles played by the I^--^ ions to explain their findings, which include inhibition of nucleation events through complexation with Rh ions in solution, drawing the Rh ions to the seed surfaces and promoting the reduction of Rh on Pd surfaces. The authors did not account for the influence of Br^--^ (from CTAB) and Cl^--^ (from metal precursors) ions present in the growth mixture, however.

2.6. Platinum NCs {#sec2.6}
-----------------

With nanocrystalline platinum being an important fundamental catalyst, a plethora of efforts has been devoted toward studying their solution synthesis. In one of the first reports, the preferential binding of I^--^ ions on {100} rather than on {111} facets, which leads to different growth rates of the said facets, was exploited by Yamada et al. to generate Pt nanocubes enclosed by six {100} facets.^[@ref228]^ However, K~2~PtCl~4~ was used as a precursor, and the role of Cl^--^ was not accounted for. Furthermore, high-index planes that are associated with large number of atomic steps, edges etc offer enhanced catalytic performance in terms of activity and/or selectivity. To this end, bromide ions were shown to be particularly useful. Yu et al. described the synthesis of Pt concave nanocubes that were enclosed by high-index facets of the likes of {510}, {720}, and {830} in the presence of Br^--^ ions in aqueous solution.^[@ref229]^ As observed for other cases involving noble metals, Br^--^ ions served as capping agents that blocked the growth in the \[100\] direction. The concave structure formed as the reaction progressed from the initially formed {100}-bounded Pt nanocubes that underwent preferential overgrowth at the corners and edges, as has been shown in the case of Pd as well by the same group.^[@ref208]^ The slowed reduction kinetics due to complexation of Br^--^ ions with the Pt precursor was also invoked to explain the results. Br^--^-induced etching has also been used in smoothening NC surfaces.^[@ref230]^ Later in 2012 Yin et al. reported the synthesis of Pt nanoflowers mediated by I^--^ ions in a polyol process, which was also attributed to reduced kinetics due to complexation and capping roles assumed by the halide ions.^[@ref231]^ The shape-directing ability of I^--^ ions in the case of Pt NCs was used in 2015 by Michel et al. to produce tetrahedral particles through reduction of Pt(IV) salts by hydrogen.^[@ref232]^ On the other hand, Martínez-Rodríguez et al. showed that HCl in the aqueous phase can be used to obtain Pt nanocubes through a water-in-oil microemulsion method.^[@ref233]^

The selective etching by halide ions is another aspect that was put to use in generating cage- and ring-like nanostructures of Pt. Fan et al. used Au polyhedron NCs as templates for selectively growing Pt layers at specific regions which generated these exotic structures upon further etching to remove the gold template.^[@ref234]^ The edge facets were selectively etched by iodine, which created highly active sites where Pt atoms reduce and deposit, generating bimetallic nanostructures.

Similar synthetic manipulations were also demonstrated in the case of heteronanostructures containing Pt. Hwang et al. described in 2015 a synthesis of Pt--Ni alloy core--shell NCs through a thermal decomposition method in the presence of CTAC.^[@ref235]^ Other uses of halides have also been realized in the case of alloyed nanostructures containing Pt. For instance, Choi et al. showed in 2016 that octahedral PtNi NCs upon postsynthetic halide treatment exhibit significantly enhanced durability against leaching out of surface atoms during the oxygen reduction reaction.^[@ref236]^ They found that halides bind to the surface Ni more strongly and hence retard their loss during catalytic cycles; in particular, bromide was the most effective. In 2017, uniform PtPb concave nanocubes enclosed by {520} facets have been synthesized where the synergistic effect of CTAB, oleylamine, and I^--^ ions was employed to exercise shape control.^[@ref237]^

2.7. Iron (and Iron-Based) NCs {#sec2.7}
------------------------------

The magnetic characteristics of iron nanostructures make them a sought-after class of nanomaterials for electronic and biomedical applications. However, the synthesis of monodisperse Fe NCs which are also stable in the ambient and biological conditions has been a major challenge for nanochemists. Halide-ions mediation was an important factor for the successful synthesis, as demonstrated by Lacroix et al. in their synthesis of body-centered cubic (bcc) Fe NCs through thermal decomposition of iron pentacarbonyl in the presence of hexadecylammonium chloride.^[@ref238]^ The obtained NCs exhibited much improved stability and magnetic characteristics even in physiological conditions owing to higher crystallinity. The formation of a crystalline structure was attributed to the presence of the Cl^--^-containing surfactant (hexadecylammonium chloride) which slowed down the decomposition of the Fe precursor facilitating improved crystallinity. In its absence the decomposition was found to be swift and led to the formation of amorphous nanoparticles. The same group studied the kinetics of this growth protocol, later in 2014, by adding different small molecular salts containing Cl^--^ and Br^--^ ions instead of a halide-containing surfactant.^[@ref239]^ The growth kinetics was supposed to have slowed down due to the strong binding between Fe and halide ions, and the preferential adsorption of halide ions on particular crystal facets was not invoked in the explanation.

The motivation for exploring the role of Br^--^ in these mechanistic studies also came from a prior report by Yang et al. in 2012.^[@ref240]^ They demonstrated the synthesis of iron carbide (Fe~5~C~2~) nanoparticles where Br^--^ ions were found to be essential in the conversion of iron pentacarbonyl into Fe~5~C~2~. Similar to Lacroix et al.,^[@ref238]^ amorphous nanoparticles were produced in the absence of Br^--^ ions, while its presence led to the formation of well-crystallized Fe~5~C~2~ NCs and was attributed to the slower kinetics as well. The NC growth was proposed to have proceeded through the formation of Fe NCs which serve as the Fe source for the eventual iron carbide phase. The presence of Br^--^ was also crucial in rendering the NCs resistant to oxidation. A similar role of Br^--^ ions was demonstrated by Gao et al. in their synthesis of Fe~3~C/Fe nanocomposites.^[@ref241]^

In 2017, Yang et al. reported the modulation of iron carbide phases assisted by halide ions.^[@ref242]^ The adsorption of Cl^--^ ions on the Fe sites was essential in achieving kinetic control on these transformations.

3. Semiconductor Nanocrystals {#sec3}
=============================

In the case of semiconductor NCs, the influence of halide ions has been studied from various angles. Compared to metal NCs where the literature is extensive on their effect on NC growth, the influences of halide ions on the growth of semiconductor NCs remains much less explored and has only been catching up in recent times. The larger focus has been on the effects that halides exert by being present on the surface of these NCs, as can be assessed from the examples detailed below, which deal with the changes in intrinsic optoelectronic properties and the electrical properties of the ensembles fabricated from them. In addition, the surface ligation of halide ions leads to other changes in the semiconductor NC systems, e.g., improved stability in lead chalcogenide NCs, as described below.

3.1. Cadmium Chalcogenide (CdE, E = S, Se, Te) NCs {#sec3.1}
--------------------------------------------------

### 3.1.1. Surface Binding and Growth Control {#sec3.1.1}

Cadmium chalcogenides have been the poster boy of nanoscale research, and it is no wonder that a considerable amount of attention will be devoted to these semiconductor nanomaterials when it comes to halide-assisted growth/transformation. Recent efforts follow the trend in the same direction wherein the influence of halide ions (especially chloride) was studied on the growth of CdE NCs. For instance, Juarez and co-workers demonstrated the reshaping of initial rod-like NCs into pyramids under the influence of halide ions recently in back-to-back papers.^[@ref243],[@ref244]^ They used the reaction between tri-*n*-octylphosphine (TOP) and covalent organic halide-bearing molecules to release the halide ions in situ. Palencia et al. demonstrated that the reaction between TOP (or TOP:Se) and 1,2-dichloroethane (DCE) was responsible for the inclusion of Cl in the ligand shell of the pyramids.^[@ref243]^ Furthermore, they studied the effect of chloride ions under different Cd/Se precursor molar ratios and found that an excess of Cd precursor does not favor the incorporation of Cl in the ligand shell but an excess of Se precursor does. Hence, the influence of chloride ions was dictated by the relative contents of cadmium or selenium in the reaction mixture. This is in parallel to the fact that in Cd-excess conditions DCE reacted with the Cd complex to form a nonactive chlorinated species that did not trigger the reshaping, in contrast to Se-excess conditions. The reshaping and the inclusion of chloride ions in the ligand shell were simultaneous effects and hence were linked to the presence of active chloride in the reaction mixture at Se-excess conditions. In fact, an elegant demonstration of the inclusion of chloride in the ligand shell was achieved using XPS, where the relative content of chloride and phosphorus (constituent of the phosphonate moieties that were used as the organic passivants) were measured with respect to the cadmium and selenium content of the NCs, as shown in [Figure [20](#fig20){ref-type="fig"}](#fig20){ref-type="fig"}a. The Cl/Cd and P/Cd ratios followed opposite trends as a function of the Cd/Se ratio, as expected since the phosphonate moieties should reduce in number to make space for the chloride moieties for passivating the NC surface. A 2014 report from the same group also explored the effect of chloride ions on the oxidation of these NCs through cyclic voltammetry and X-ray photoelectron spectroscopy.^[@ref245]^

![Halide-assisted ripening transformation of rod-like CdSe NCs into pyramidal shape. (a) Correlated XPS data showing the critical amount of chloride ions required to induce the transformation of rods into pyramids (horizontal line indicates the critical values). Reproduced with permission from ref ([@ref243]). Copyright 2014 Royal Society of Chemistry. (b) Evolution of the ripening with and without DCE monitored through the first absorption maximum and TEM imaging. (c) Evolution of ripening under the influence of different chloroalkanes. (d) LaMer plot showing the evolution of pyramid formation. Adapted from ref ([@ref244]). Copyright 2014 American Chemical Society.](cr-2018-00158z_0020){#fig20}

In a more generalized approach from Juarez's group, Meyns et al. studied the effect of various other halogenated additives like organic chlorine-, bromine-, and iodine-bearing compounds on the reshaping of CdSe NRs to hexagonal pyramids in a hot-injection process.^[@ref244]^ The course of ripening was monitored using optical extinction spectroscopy, first absorption maximum in particular, and TEM imaging of the aliquots at different growth stages as shown in [Figure [20](#fig20){ref-type="fig"}](#fig20){ref-type="fig"}b. The rods maintained an elongated morphology even after 4 h of growth when DCE was not present. However, the presence of DCE led to the thermodynamically controlled ripening of the NRs into hemimorphic hexagonal dipyramids of wurtzite CdSe. As in the previous case above, the shape evolution was accompanied by a modification of the ligand shell as well. It was also noted that the structure of the halogenated molecule dictated the degree of the influence on the ripening process ([Figure [20](#fig20){ref-type="fig"}](#fig20){ref-type="fig"}c). Although pyramidal NCs were obtained in all cases, the temporal evolution and homogeneity varied.

Meyns et al. explained the shape evolution from NRs to hexagonal pyramids as a result of X-type ligand coordination to flat and sloped Cd-rich facets with a strong influence of halides on the equilibrium shape. They calculated the adsorption energies for both X-type (phosphonate and halide moieties) and L-type (neutral molecules which were possibly present in the reaction mixture) ligands on the different wurtzite CdSe facets and established the possible degree of passivation. Halide ions followed the usual trend as dictated by their electronegativity (i.e., Cl^--^ \> Br^--^ \> I^--^). The NC synthesis was described using the standard LaMer model where the NCs were found to grow along the wurtzite *c* axis leading to rod-shaped NCs in the kinetic regime. Once the monomer concentration was depleted over the course of the reaction, the NCs grew in all directions before thermodynamically controlled ripening resulted in equilibrium shapes as shown in [Figure [20](#fig20){ref-type="fig"}](#fig20){ref-type="fig"}d. In the presence of halide ions, the equilibrium shape tended toward a polyhedral morphology owing to the surface energy of the crystal facets which were different from a halide-free growth.

In another ripening protocol, Saruyama et al. reported a drastic structural transformation of small colloidal CdE NCs into large pencil-shaped ones through an Ostwald ripening process that was induced by chloride ions.^[@ref246]^ The morphological transformation was accompanied by a crystal-structure transformation from zinc blende to wurtzite, and \[0001\] was found to be the preferential growth direction. It was also established that the countercation of the chloride ions does not influence the ripening process. Zou et al. reported a similar phenomenon in their noninjection synthesis of CdS NCs wherein they used cationic surfactants, cetyltrimethylammonioum chloride (and bromide), as the halide source.^[@ref247]^ The phase transformation was associated with an increase in NC size with an increase in halide content, and the morphology varied from spherical to multiarmed. The ineffective countercation might seem contrary to what Meyns et al. reported, but actually in their case they studied the effect of organohalide compounds.^[@ref244]^

Saruyama et al. also demonstrated that these transformation reactions could be readily extended to obtain various functional materials owing to their uniform morphology and highly faceted structure. They obtained a semiconductor--metal heterostructure through deposition of gold islands on the CdS nanopencils. A similar approach was recently developed by Hinrichs et al. where chloride ions were employed to produce monodisperse metal--CdE heterostructures.^[@ref248]^ They added small amounts of CdCl~2~ to the more generally used Cd precursor CdO for the deposition of CdE on gold seeds and found that the mole fraction of CdCl~2~ was important for shape tuning and yielding monodisperse heterostructures. They further showed the versatility of this approach by extending it to different metal--semiconductor combinations.

Following these reports, a recent work (2015) on direct synthesis of CdSe NCs by Ghosh et al. demonstrated the reversal of crystal polarity and concomitant morphological changes on the growth of wurtzite CdSe NCs that was a result of the deliberate addition of chloride moieties in the reaction mixture.^[@ref59]^ The resulting pyramid-shaped NCs (or nanopyramids, NPYs) comprised of an equilateral basal (0001̅) facet which is polar in nature and three (404̅5) nonpolar lateral facets giving them the shape of a slightly flattened tetrahedra, as schematically shown in [Figure [21](#fig21){ref-type="fig"}](#fig21){ref-type="fig"}a. The apex opposite to the basal facet points toward the (0001) direction as was confirmed by HRTEM analysis. This preferential growth of the (0001̅) facet over the (0001) was in contrast to the chloride-free case wherein the (0001) was the favored growth direction, as reported earlier on wurtzite CdSe(core)/CdS(shell) NRs.^[@ref249]^ The polarity of the NCs was essentially reversed in the presence of chloride ions. The growth direction and other crystallographic aspects of these NPYs were derived with the assistance of exit wave (complex wave function of the electrons after they have passed through the sample) reconstruction. The unique shape of the NPYs can be envisaged from the HAADF-STEM imaging ([Figure [21](#fig21){ref-type="fig"}](#fig21){ref-type="fig"}b) and tomography ([Figure [21](#fig21){ref-type="fig"}](#fig21){ref-type="fig"}c), wherein the NPYs can be viewed along both the equilateral projection (yellow circles) and the isosceles projection (white circles) in [Figure [21](#fig21){ref-type="fig"}](#fig21){ref-type="fig"}b.

![Reversed polarity in CdSe NCs as an influence of chloride ions. (a) Schematic showing the growth direction of CdSe NPYS and its effect on the self-assembly upon chloride passivation. (b) HAADF-STEM image of a group of NPYs; thickness contrast facilitating observation of the flattened pyramidal shape (yellow circles, equilateral triangle; white circles, isosceles triangle). (c) Isosurface view along different orientations of the reconstructed volume of an NPY (through HAADF-STEM tomography). (d) Clovers formed through self-assembly of the NPYs where the nonpolar lateral facets congregate inward with the polar basal facets pointing outward. Reproduced from ref ([@ref59]). Copyright 2015 American Chemical Society.](cr-2018-00158z_0021){#fig21}

In this case it was assumed that the polar crystal facets are terminated preferentially by the positively charged cadmium ions (polar facets expose either the cation or the anion) since negatively charged phosphonate moieties were employed as surface passivants. This means that the chloride ions essentially reside on the surface of the NPYs (as a part of the ligand shell, along with phosphonate moieties) as was verified through ligand exchange experiments. Also, the crystallographic differences meant that the two facets might exhibit a differential ligand makeup which manifested itself in the self-assembly induced by the presence of oleic acid forming "clover-like" tetrameric units in the presence of oleic acid, as shown in [Figure [21](#fig21){ref-type="fig"}](#fig21){ref-type="fig"}d. The oleic acid molecules probably dimerized and served as glue by interdigitizing the alkyl chains of the phosphonate moieties on the lateral facets involved in the clover formation. This was less efficient for the polar basal planes that either had a lesser coverage by alkyl phosphonates or residual charges which prevented attractive interaction and led them to mildly be involved in a short-range superstructure.

This reversal of crystal polarity was explained using the differential binding of the chloride ions on the polar crystal facets, thereby imparting differential thermodynamic stability. Density functional theory (DFT) calculations modeled on the binding of chloride ions on the surface Cd atoms support such a notion. In general, the (0001) facet exhibits one dangling bond per Cd atom compared to three by the (0001̅) facet and hence is more easily passivated by ligand moieties yielding higher stability. This is generally the case with chloride-free growth where \[0001\] is the preferential growth direction and the less stable \[0001̅\] ending into a tip.^[@ref249]^ However, in the case of the CdSe NPYs, the chloride ions bridging two surface Cd atoms nicely mimic the presence of the Se atoms with minimal bond distortion, conferring higher thermodynamic stability to the (0001̅) facet---a situation not feasible on the (0001) facet without serious bond distortion. Furthermore, the surface binding of the chloride leaves room for other molecules (phosphonate moieties) for binding and electronically satisfy the remaining Cd dangling bonds

A comparison between the works of Juarez et al. and Ghosh et al.,^[@ref59],[@ref243],[@ref244]^ as described above, brings out important distinctions. The bipyramids obtained by Juarez et al. were a result of a ripening protocol using covalent halide-bearing molecules unlike the ionic cadmium chloride as chloride source in the direct synthesis of CdSe NPYs. Moreover, unlike the NPYs,^[@ref59]^ the (0001̅) facets of Juarez's NCs were unstable and etched away during the course of ripening owing to weak passivation, collapsing into a tip. Recently, de la Cueva et al., from the same group, deposited gold dots or shells on these pyramids wherein the nature of the overgrowth of gold was influenced by the presence of chloride on the NC surface,^[@ref250]^ which is similar to the mechanism governing the adsorption of these CdSe pyramids on carbon sp^2^ surfaces.^[@ref251]^

Chloride etching as a means to tailor the size and shape of CdE NCs through a postsynthetic pathway has also been demonstrated in detail by Lim et al.^[@ref252],[@ref253]^ They studied the chemical and photochemical etching of CdSe NRs, CdSe tetrapods, CdS nanowires, and CdSe nanoplatelets where the chloride ions were generated either by chemical activation of chloroalkane solvents with tributylphosphine or by photoinduced electron transfer from the NCs to the chloroalkane molecules adsorbed on the surface of the NCs. The etching process could be combined with colloidal synthesis to achieve selective anisotropic reshaping of the NCs. An elegant demonstration of this effect was made by Kim et al. in the end-to-end assembly of CdSe NRs assisted by tip etching by the chloride ions.^[@ref254]^

Indeed, the influence of halide ions on the NC growth can be harnessed to produce various heterostructures and branched morphologies. The availability of highly faceted NCs with crystal facets which are obtainable only due to halide ions made it possible to produce unusual morphologies that are otherwise not so easily accessible. The CdSe NPYs with reversed polarity, when exploited to grow CdS pods, led to such a peculiar structure.^[@ref59]^ The seeded growth method was carried out in the presence of chloride ions introduced as CdCl~2~ and is schematically represented in [Figure [22](#fig22){ref-type="fig"}](#fig22){ref-type="fig"}a. The as-prepared branched NCs exhibited an unusual rocket-like shape with a dominant central asymmetric pod and three shorter pods emanating from its base. The larger axial pod growth in the \[0001̅\] CdS direction further lends support to the stability of this particular crystal facet under the presence of halide ions. As shown in [Figure [22](#fig22){ref-type="fig"}](#fig22){ref-type="fig"}b, the differential pod growth on the two types of crystal facets of the CdSe NPYs can be appreciated from the isosurface view of the branched NCs in comparison with the seed NPYs obtained through HAADF-STEM imaging. This epitaxial growth of CdS pods over the CdSe NPY seeds was not observed in the absence of CdCl~2~. Instead, CdS particulates nucleated separately in the absence of chloride ions. This means halide etching was at play in the heterostructure growth that suppressed the homogeneous nucleation.

![Halide-assisted seeded growth of branched CdE NCs. (a) Schematic showing the epitaxial growth of CdS pods on the wurtzite CdSe facets of the NPYS. (b) Isosurface view of a branched CdSe(core)/CdS(pods) NC and the corresponding CdSe NPY seed, oriented according to the direction of the pod growth on the seed (through HAADF-STEM tomography). Reproduced from ref ([@ref59]). Copyright 2015 American Chemical Society. (c) Schematic depiction of the CdSe(core)/CdS(shell) octapod NC formation, and overview TEM image of these NCs. Reproduced from ref ([@ref5]). Copyright 2010 American Chemical Society. (d) Schematic structures (and the corresponding TEM images) showing the evolution of the CdSe(core)/CdS(shell) multipod nanostructures on increasing the mole fraction of CdCl~2~ introduced in the reaction mixture, starting from Cu~2--*x*~Se seeds. Reproduced from ref ([@ref11]). Copyright 2012 American Chemical Society. (e) Schematic illustration of the continuous precursor injection approach to achieve the growth of CdSe tetrapod NCs in the kinetic regime. (f) TEM images showing the different stages of the tetrapod NC growth. Reproduced from ref ([@ref57]). Copyright 2013 American Chemical Society.](cr-2018-00158z_0022){#fig22}

In a related but earlier report on branched NCs, Kim et al. described the shape evolution of octapod-shaped CdSe(core)/CdS(pods) NCs in the presence of chloride ions.^[@ref11]^ These NCs were obtained through a sequential cation-exchange and seeded growth process wherein spherical Cu~2--*x*~Se NCs were used as seeds.^[@ref5]^ The Cu~2--*x*~Se seeds first undergo a rapid cation exchange with Cd^2+^ to form sphalerite CdSe NCs. The wurtzite CdS pods then grow on top of these NCs forming the octapod morphology in the same reaction mixture, as depicted schematically in [Figure [22](#fig22){ref-type="fig"}](#fig22){ref-type="fig"}c. Kim et al. found that the presence of chloride ions was essential for growing these nanostructures. Similar to the situation with CdSe NPYs described in the previous paragraph, CdS nucleated separately in the absence of chloride ions, accompanied by low reproducibility of the growth of multipod structures. These observations were rationalized on the basis of chloride ions forming strong complexes with cadmium, thereby reducing its availability and preventing the homogeneous nucleation of CdS NCs. The scenario is similar to that reported by Palencia et al. for their nanorod-to-pyramid reshaping as described above, wherein an excess of cadmium precursor led to the formation of "nonactive" chlorinated species which did not participate in the transformation.^[@ref243]^ Hence, the presence of chloride ions provided enhanced ability to play with nucleation and growth kinetics, leading to heterogeneous nucleation of CdS pods on CdSe seeds. However, the mole fraction of CdCl~2~ was critical in getting the desired amount of branching since at larger mole fractions most of the initially formed octapods tended to reshape into tetrapods. [Figure [22](#fig22){ref-type="fig"}](#fig22){ref-type="fig"}d schematically depicts the evolution of the octapod reshaping in excess CdCl~2~ conditions, accompanied by TEM images of the actual growth stages. As described later for CdSe NPYs,^[@ref59]^ this was explained on the basis of an additional role played by the chloride ions, that of influencing the relative stabilities of various crystal facets by selective adhesion and/or selective etching.

In another report on the seeded growth process of producing branched NCs, Lim et al. demonstrated the synthesis of CdSe tetrapod NCs using a continuous precursor injection approach in the presence of halide ligands.^[@ref57]^ This approach is slightly different than the usual NC growth in the thermodynamic regime; they maintained the reaction condition in the kinetic growth regime through successive injections of precursors to achieve anisotropic growth, as depicted schematically in [Figure [22](#fig22){ref-type="fig"}](#fig22){ref-type="fig"}e. Zinc-blende CdSe NCs were employed as seeds which underwent phase transformation to wurtzite, accompanied by the growth of wurtzite arms on the crystal facets of the seeds, yielding the tetrapod morphology. Controlled amounts of halide ligands, in the form of various alkylammonium halide molecules, were required to trigger the pod growth on the seed facets, since halide-mediated displacement of the oleate ligands was necessary to enable the phase transformation and subsequent growth. Similar to the observation by Saruyama et al.,^[@ref246]^ the nature of the countercation of the halide ions did not influence the tetrapod growth. Also, as in the case of our CdSe NPYs,^[@ref59]^ the authors report here that the wurtzite arms of the tetrapods grew along the \[0001̅\] direction. [Figure [22](#fig22){ref-type="fig"}](#fig22){ref-type="fig"}f shows the representative TEM images of the various stages of the tetrapod NC growth. The authors could scale up the synthesis of these tetrapod NCs with high morphological uniformity, up to 1.9 g as shown in an inset in [Figure [22](#fig22){ref-type="fig"}](#fig22){ref-type="fig"}f.

A recent work by Gerdes et al. demonstrates the formation of CdSe nanosheets upon using halogenated alkanes as additives in the reaction mixture.^[@ref255]^ Both halide complexation to modify growth kinetics and selective halide capping of crystal facets were invoked in order to explain the formation of these highly anisotropic structures.

Although chloride (halide) ions produce interesting and unforeseen changes in the growth of CdE NCs, efforts to synthesize nanostructures with CdCl~2~ as the sole Cd precursor generally are rare. As described by Peng's group, this is primarily due to the high stability of the cadmium salt/complexes which fail to properly initiate a nucleation leading to bulky structures.^[@ref256]^ However, Lazell et al. reported the synthesis of CdS NCs using CdCl~2~,^[@ref257]^ and Pawar et al. synthesized CdS NCs through the thermolysis of a single-source precursor obtained from CdX~2~--thiosemicarbazone (X = Cl and I) complexes.^[@ref258]^

### 3.1.2. Affecting NC Properties through Surface Ligation {#sec3.1.2}

There have been numerous literature reports on introducing halide ions as ligands through postsynthetic ligand exchange pathways on cadmium chalcogenide NCs. One of the main motivations for introducing chloride (halide) ions on the CdE NC surfaces comes from the fact that apart from being a choice chloride source for CdE NCs, CdCl~2~ is more commonly used in the semiconductor industry as an etchant which promotes grain growth, recrystallization, and interdiffusion between the semiconductor layers. This has been particularly more relevant in the case of physical vapor-deposited CdS/CdTe thin film solar cells, where CdCl~2~ is routinely used to improve cell performance.^[@ref259],[@ref260]^ Several mechanisms have been conjectured to be the cause of such improvements, which include elimination of deep defect levels which act as fast recombination centers in the CdTe film, decrease in the recombination centers in the CdS--CdTe junction, and the suppression of nanograins at the grain boundaries.^[@ref261]^ In fact, the CdCl~2~ treatment has also been employed in improving the performance of solution-processed CdTe NC solar cells.^[@ref262]−[@ref264]^ Jasieniak et al. showed that CdCl~2~ was instrumental in stripping the organic ligands from the NC surfaces, which reduced the energy barrier to crystal growth and prevented film contamination.^[@ref264]^ Hence, replacing the native ligands on CdE NCs with halide ions is an attractive option since the active material (CdE) and the grain growth promoter (halide) can be included simultaneously for subsequent device fabrication.

One of the first reports on halide ligation came from Owen et al. in 2008, where the authors used NMR spectroscopy to monitor the displacement of native phosphonate ligands on CdSe NC surfaces with chlorotrimethylsilane and tridecyltrimethylammonium chloride as the incoming chloride ion source.^[@ref265]^ This study provided useful insights on the surface chemistry of CdSe NCs and more importantly pointed toward the fact that a ligand exchange can only proceed with the aim of balancing charges between the surface Cd^2+^ and the incoming ligand. This report was followed by two recent reports from Owen's group where they studied these chloride-exchanged CdSe NCs in action.^[@ref66],[@ref266]^ In the first report Anderson et al. replaced the native ligands of carboxylate-terminated CdSe NCs with chloride (chlorotrimethylsilane as the chloride source) ions in the presence of tri-*n*-butylphosphine (TBP) L-type ligands, as schematically shown in [Figure [23](#fig23){ref-type="fig"}](#fig23){ref-type="fig"}a.^[@ref266]^ The role of the TBP ligands was to bind to the surface of the CdSe NCs (along with chloride termination) in order to stabilize them in organic solvents for further characterization and processing. Just chloride termination of the NC surface would otherwise render these NCs insoluble in common nonpolar solvents. The effect of ligand coverage on the NC optical properties was then demonstrated through adsorption/desorption of other L-type ligands like small primary amines. They concluded that as long as the coverage of L-type ligands is high the surface-bound chloride ligands can support a nonstoichiometric NC without introducing surface trap states. In the subsequent paper, Norman et al. explored the electrical transport properties of these soluble phosphine- and amine-bound, chloride-terminated CdSe NCs and the effect of annealing them.^[@ref66]^ The sintering process was made of the three distinct steps of desorption of organic ligands, particle fusion, and subsequent grain ripening. The evolution of electrical transport and grain growth was distinctly dependent on the chloride content of the film, with higher content facilitating grain growth at lower temperature ([Figure [23](#fig23){ref-type="fig"}](#fig23){ref-type="fig"}b). This study clearly showed how small changes in the NC composition can influence the resulting mesostructure and transport characteristics. It was also concluded that fusion of the NC solid was required to achieve charge mobilities greater than 0.1 cm^2^/(V s), which was not possible upon ligand desorption alone. This helps to explain the high temperatures routinely employed in fabricating high-mobility devices from colloidal CdSe NCs. The devices fabricated by the authors demonstrated electron mobilities as high as 25 cm^2^/(V s) and on/off ratios of 10^5^ with less than 0.5 V hysteresis.

![Halide insertion on CdE NC surfaces through postsynthetic ligand exchange procedures. (a) Representative scheme showing the replacement of the native ligands of carboxylate-terminated CdSe NCs with chloride ions in the presence of TBP L-type ligands. Reproduced from ref ([@ref266]). Copyright 2013 American Chemical Society. (b) Effect of CdCl~2~ content on the thin films deposited from amine- and phosphine-bound, chloride-terminated CdSe NCs, which showed electron mobilities as high as 25 cm^2^/(V s). Reproduced from ref ([@ref66]). Copyright 2014 American Chemical Society. (c) Biphasic ligand exchange protocol where organic-capped CdSe NCs in hexane transfer to the NMF layer containing the halide source (NH~4~X); subsequent films deposited from I^--^-capped CdSe NCs exhibit electron mobilities of 12 cm^2^/(V s). Reproduced from ref ([@ref71]). Copyright 2014 American Chemical Society. (d) CdCl~3~^--^-capped CdTe NCs obtained through the biphasic ligand exchange protocol, thin film solar cells of which showed power conversion efficiencies exceeding 10%. Reproduced from ref ([@ref270]). Copyright 2016 American Chemical Society.](cr-2018-00158z_0023){#fig23}

In a related work, Zanella et al. used propyltrichlorosilane as the chloride ion source that displaced the organic surfactants covering the NC surfaces of different materials.^[@ref267]^ When applied to NC films of CdE, this treatment led to the reduction of the distance between neighboring NCs, which is otherwise defined by the organic ligand chain length and is generally a deterrent toward electronic communication between the NCs. Strong enhancement in both dark and photocurrent was observed as a result. A strong quenching of the photoluminescence was observed, however, similar to Owen's observations.^[@ref265],[@ref266]^ In a 2018 report, Li et al. used an alternative chlorinating agent, thionyl chloride (SOCl~2~), that is widely employed in synthetic organic chemistry, as a suitable alternative.^[@ref268]^ They showed that when used for replacing alkylcarboxylate ligands on CdSeZnS--ZnS core--shell--shell NCs, this milder chlorinating agent maintained the PLQY, which translated into improved device performance.

In this regard, it is imperative to understand that the steps involved in ligand exchange of NCs and subsequent thin film deposition from NC solution (for electrical transport studies) are highly interrelated and can cause complications. For instance, prior to film deposition, a complete ligand exchange with the short and negatively charged chloride ions would render the NCs insoluble in the common organic solvents, thereby hindering the film deposition from solution. This issue was addressed by Norman et al. through exchanging the native ligands with chloride ions in the presence of other L-type ligands in solution.^[@ref66]^ The L-type ligands, like amines and phosphines, were the agents that maintained the solubility of these NCs. These phosphine- or amine-bound, chloride-terminated CdSe NCs were then spin coated on silicon dioxide substrates and subsequently annealed to desorb the organic ligands prior to electrical measurements. However, the variation in composition caused by the desorption that can introduce surface defects in the NCs cannot be completely ruled out. On the other hand, Zanella et al. performed the ligand exchange *after* the NC film deposition through dipping the drop-cast film in a solution containing the incoming ligand (propyltrichlorosilane).^[@ref267]^ This procedure, although simpler and involving fewer steps, is generally plagued by the formation of cracks in the NC film (due to eventual reduced inter-NC separation) accompanied by the problems of inefficient exchange and the presence of residual organic moieties.

A simpler, one-step procedure to obtain halide-capped NCs with good colloidal stability and solution processability should then be a more attractive alternative. This involves the choice of a suitable solvent which can provide electrostatic stabilization of the NCs. A polar solvent with an extraordinarily high dielectric constant (ε ≈ 182) like *N*-methylformamide should be a natural choice for stabilizing the NCs with charged halide ligands. Other more commonly used polar solvents with lower dielectric constants, such as formamide (ε ≈ 106), dimethylformamide (ε ≈ 36), hydrazine (ε ≈ 55), and dimethyl sulfoxide (ε ≈ 47), are incapable of stabilizing NCs capped with charged inorganic moieties. Zhang et al. developed a methodology of ligand exchange and subsequent solution stabilization of the CdSe NCs following this very logic.^[@ref71]^ They demonstrated a solution-phase ligand exchange employing ammonium halide and/or sodium (potassium) halide molecules as incoming sources of halide ions. The ligand exchange was carried out in an immiscible biphasic mixture where the halide precursors were dissolved in the polar phase (NMF, bottom layer) and the organic ligand stabilized NCs in the nonpolar hexane phase (top layer). The ligand exchange would result in the transfer of the NCs from the hexane to the bottom NMF layer, resulting in a colorless top phase in a matter of minutes to hours, as shown in [Figure [23](#fig23){ref-type="fig"}](#fig23){ref-type="fig"}c. However, the authors did not observe any changes in the optical properties of the halide-stabilized NCs, unlike Anderson et al.^[@ref266]^ The presence of the compact halide ions on the NC surfaces greatly facilitated the inter-NC electronic communication, as demonstrated by the high electron mobilities (μ ≈ 12 cm^2^/(V s)) measured from a spin-coated thin film of I^--^-capped CdSe NCs ([Figure [23](#fig23){ref-type="fig"}](#fig23){ref-type="fig"}c). Niu et al. demonstrated a similar protocol of ligand exchange by using alternative halide sources, namely, methylammonium halides (CH~3~NH~3~X).^[@ref269]^

As independent entities, Cl^--^ and CdCl~2~ appear to, respectively, belong to the donor X-type and the acceptor Z-type ligand categories according to Greens' covalent bond classification scheme.^[@ref65]^ Z-type ligands are neutral acceptor molecules that bind to the surface chalcogenide ions of a NC through a Lewis-acidic interaction. However, in the case of CdSe NCs, the distinction between Cl^--^ and CdCl~2~ is a semantic one, since the surface layer of excess metal ions may or may not be considered as part of the ligand shell.^[@ref66]^ A similar argument also holds for CdCl~3~^--^, which was recently used by Talapin's group to fabricate thin film solar cells of CdTe NCs.^[@ref270]^ In this report, Zhang et al. employed CdCl~3~^--^ as surface ligands and dopants and also as sintering promotors for the eventual solution-processed CdTe NC thin film. The main advantage of fabricating a solar cell through this approach was the ability to obtain very thin yet continuous layers of high-quality CdTe that is otherwise a difficulty for the more common vapor-phase depositions. Moreover, this procedure eliminated the additional CdCl~2~ treatment and demonstrated thin-film solar cells with power conversion efficiencies exceeding 10%, which is a record for a sub-400 nm CdTe absorber layer ([Figure [23](#fig23){ref-type="fig"}](#fig23){ref-type="fig"}d).

Although the reduced inter-NC separation was assumed to be the origin of improved electronic transport, it is quite possible that the halide ions influence the electronic structure of the NCs as well. It is not completely clear if the observed mobility changes are a combined consequence of spatial and electronic changes effected by the halide ligands. Greaney et al. provided important insights in this regard when they studied the case of CdSe NCs capped with cadmium halide ligands (CdX~2~, X = Cl, Br, I).^[@ref68]^ They used the L-type ligand butylamine to retain the solubility of these NCs, apart from the CdX~2~ moieties like Anderson et al.^[@ref266]^ They examined the trap states landscape of these NCs by ultrafast transient absorption, time-resolved photoluminescence, and surface photovoltage spectroscopies. The photocurrent response from the films of these NCs was found to be strongly dependent on the surface halide ions and ascribed to the changes in the electronic structure of the NCs. A simple electronic picture was proposed on the basis of their findings, which is presented in [Figure [24](#fig24){ref-type="fig"}](#fig24){ref-type="fig"}a. The CdX~2~ ligands introduce surface hole traps whose energy varies according to the nature of the halide ion, with the shallowest traps created by CdCl~2~ and the deepest ones by CdI~2~. The butylamine ligands utilized during ligand exchange, on the other hand, create surface electron trap states which can be reduced upon annealing, signifying removal of butylamine and/or surface reconstruction. Theoretical perspective in this area has also been provided by Wang et al. through their first-principles study of chloride and iodide passivation effects on the electronic structure of Cd~33~Se~33~ quantum dots.^[@ref272]^ They found that the influence of the chloride passivants on the electronic structure of the NCs depends on the coordination number of the chloride moiety.

![Changes in the electronic structure of CdSe NCs upon halide passivation. (a) Energy landscape of CdX~2~-treated CdSe NCs as a function of annealing (associated with desorption of the L-type butylamine ligand). Reproduced from ref ([@ref68]). Copyright 2015 American Chemical Society. (b) PLQY upon Cl-passivation, due to removal of electron traps upon saturation of Cd dangling bonds. Reproduced from ref ([@ref271]). Copyright 2016 American Chemical Society.](cr-2018-00158z_0024){#fig24}

Contrary to the picture assumed by Greaney et al., Kim et al. proposed the removal of electron trap states upon Cl passivation of CdSe NC surfaces, as reflected by the improvement (from 9% to 22%; [Figure [24](#fig24){ref-type="fig"}](#fig24){ref-type="fig"}b) in the photoluminescence quantum yield (PLQY).^[@ref271]^ They resorted to the usual replacement of native organic ligands with Cl moieties through postsynthetic ligand exchange by a methanol solution of ammonium chloride. The improvement in the PLQY was ascribed to the effective passivation of the unsaturated surface Cd atoms, as the sterically hindered and thereby incomplete organic ligand passivation gives rise to nonradiative recombination sites. The authors went on to show that the Cl-passivated NCs exhibit almost an order of magnitude improvement in their photocatalytic hydrogen generation activity compared to the organic ligand-passivated ones. Similar suppression of nonradiative decay pathways upon Cl passivation, resulting in PLQY of almost unity, has also been reported for CdTe NCs.^[@ref273]^

3.2. Lead Chalcogenide (PbE, E = S, Se, Te) NCs {#sec3.2}
-----------------------------------------------

### 3.2.1. Growth and Transformation {#sec3.2.1}

Synthetic efforts which exploited the influence of halide ions on the growth of PbE NCs date back to 2006, when Cademartiri et al. from Ozin's group reported a diffusion-controlled heterogeneous synthetic route for producing PbS NCs.^[@ref274]^ The heterogeneous system was composed of a suspension of PbCl~2~ in oleylamine to which the sulfur precursor was hot injected. Although the final NCs were capped with surface-adsorbed Cl^--^ ions, it was not clear whether organic moieties were totally absent from the ligand shell since the NCs were soluble in nonpolar solvents. The heterogeneity actually acts as a boon here since that limits the diffusion in the system, leading to high monodispersity and longer photoluminescent lifetimes. Moreover, the chloride capping led to better stability of the PbS NCs compared to those prepared by conventional methods using PbO as a precursor.

Recently, Beard and his colleagues built upon this protocol to synthesize PbS and PbSe NCs exhibiting halide passivation.^[@ref275]^ In their protocol shown in [Figure [25](#fig25){ref-type="fig"}](#fig25){ref-type="fig"}a, Zhang et al. used a more reactive sulfur precursor, bis(trimethylsilyl) sulfide,^[@ref275]^ instead of the sulfur--oleylamine solution used by Cademartiri et al.^[@ref274]^ This enabled them to lower the injection temperature of the sulfur precursor and also obtain smaller PbS NCs (∼2.2 nm) exhibiting larger band gaps (∼1.7 eV) that constituted better performing solar cells (PCE of about 6.5%, [Figure [25](#fig25){ref-type="fig"}](#fig25){ref-type="fig"}a). They also demonstrate the fabrication of Br^--^- and I^--^-capped PbS NCs by employing PbBr~2~ and PbI~2~ as the lead precursors. The chloride passivation imparted higher photostability to both the PbS and the PbSe NCs when stored under air.

![Effect of surface halide ions on the growth and optoelectronic properties of PbE NCs. (a) Diffusion-controlled synthesis of PbS NCs with in situ halide passivation. Halide passivation imparted higher photostability and led to high PCE of 6.5%. Reproduced from ref ([@ref275]). Copyright 2014 American Chemical Society. (b) Scheme showing the formation of 2D PbS nanosheets by the oriented attachment of small PbS NCs in the presence of chloride ions and the formation of larger NCs in the absence of chloride ions. (c) TEM image of PbS nanosheet stacks. Reproduced with permission from ref ([@ref61]). Copyright 2010 AAAS. (d) Schematic showing the cation exchange of CdSe NCs to PbSe NCs capped with a CdCl~*x*~ layer, which rendered greater stability in air and PCE exceeding 6%. Reproduced from ref ([@ref72]). Copyright 2014 American Chemical Society. (e) Formation of a protective PbCl~*x*~ layer on the PbSe NC surface through postsynthetic molecular chlorine treatment, which prevented oxidation during long-term air exposure, as evidenced by the absorption spectra of PbSe NCs with (red) and without (blue) the protective PbCl~*x*~ layer, and passivated trap states leading to improved PL efficiency. Reproduced from ref ([@ref280]). Copyright 2012 American Chemical Society.](cr-2018-00158z_0025){#fig25}

In a similar work in 2015, Zhang et al. described the synthesis of photostable PbSe NCs using SnCl~2~ as the nucleation-promoting agent and PbCl~2~ as the in situ halide passivation agent.^[@ref276]^ They could tune the sizes of PbSe NCs between 3 and 8 nm simply by controlling the PbCl~2~/SnCl~2~ ratio and the reaction time. The size of the NCs in this case was also decreased simply by using a fast nucleation agent (SnCl~2~), while the halide passivation imparted greater stability. Further reduction in size through the assistance of chlorinated species was reported by Reilly et al. wherein red light-emitting NCs of diameter 1.6 nm were synthesized in the presence of 1,2-dichloroethane.^[@ref277]^ In the same vein, Kandel et al. demonstrated anisotropic growth of PbSe NCs in the presence of chloroalkanes.^[@ref278]^

A more striking demonstration of the influence of chloride species on the growth of PbE NCs came from Weller's group back in 2010. In this work, Schliehe et al. reported the oriented attachment of PbS NCs into ultrathin two-dimensional single-crystal sheets, measuring in micrometers laterally.^[@ref61]^ The attachment process was initiated by chlorine-containing cosolvents like 1,2-dichloroethane (or similar linear chloroalkanes like 1,2-dichloropropane and 1,1,2-trichloroethane) which yielded small NCs of ∼3 nm diameter with a highly reactive {110} facet triggering the oriented attachment process. The formation of the small NCs of ∼3 nm diameter was of paramount importance for the oriented attachment and was not observed in the absence of chlorinated species (which yield bigger NCs of ∼5 nm diameter), as shown schematically in [Figure [25](#fig25){ref-type="fig"}](#fig25){ref-type="fig"}b. The exposure of the {110} facet is key to the oriented attachment here, which are present in small NCs but are preferentially consumed during the NC growth. The 3 nm PbS NCs exhibit a truncated cuboctahedron shape with 6 {100}, 8 {111}, and 12 {110} facets ([Figure [25](#fig25){ref-type="fig"}](#fig25){ref-type="fig"}b). When the NCs grow in the absence of the chlorinated species, the energetically unfavorable facets are minimized, resulting in truncated cubes bound with mainly {100} facets. However, in the presence of chloride compounds that act as lead complexing agents, the altered kinetics of nucleation and growth lead to ∼3 nm particles exhibiting {110} facets. These small crystals then eventually stabilize through oriented attachment via the {110} facet, forming 2D sheets shown in [Figure [25](#fig25){ref-type="fig"}](#fig25){ref-type="fig"}c. Later in 2014 Bhandari et al. explored this process further to demonstrate thickness tuning of the PbS sheets by using a series of chloroalkanes and reaction temperatures that enabled them to modify growth kinetics.^[@ref279]^

More insights regarding the halide-assisted oriented attachment process were provided by a recent study by Koh et al.^[@ref281]^ In their synthesis of 2D PbSe nanoplatelets the authors observed that PbCl~2~ moieties attached to the (111) and (110) facets form inter-NC bridges which favorably align the NCs for the attachment to proceed. Their DFT calculations indicate that the 2D bridging network was found to be more energetically favorable than 3D, which drives the nanoplatelet formation. Further, the authors suggest that PbI~2~ does not lead to bridging, but it destabilizes the large (100) facets and hence provides a means for thickness variation of the nanoplatelets.

Apart from the direct synthetic protocols, halide ions also play a significant role in the chemical transformation of PbE NCs. In addition to their heterogeneous nucleation scheme,^[@ref275]^ Beard and his co-workers developed a cation-exchange pathway to obtain PbSe NCs with tunable sizes and in situ chloride and cadmium passivation.^[@ref72]^ As-synthesized CdSe NCs were injected into a hot PbCl~2~/oleylamine mixture, which resulted in the formation of PbSe NCs passivated with Cd and Cl moieties, as schematically shown in [Figure [25](#fig25){ref-type="fig"}](#fig25){ref-type="fig"}d. Owing to the CdCl~*x*~ passivation, the as-synthesized NCs have excellent stability toward exposure to ambient air and can maintain their photoluminescence quantum yield for more than 30 days in air. This is a remarkable achievement considering the fact that PbSe NC solution in hexane (in the absence of halide moieties) undergoes rapid oxidation upon exposure to air so that 50% of the NC converts into oxidation products within a span of a couple of hours.^[@ref282]^ The general strategies targeted at improving the resistance of PbSe NC surfaces toward oxidation involve passivating the undercoordinated Pb and Se sites. In the present case, the authors achieved this by a combination of Cl (for Pb sites) and Cd (for Se sites) passivations. The improved passivation led to high PCE (\>6%, [Figure [25](#fig25){ref-type="fig"}](#fig25){ref-type="fig"}d) from the solar cells fabricated from these NCs in ambient conditions and was attributed to the reduced recombination losses.

Prior to Beard's CdCl~*x*~ passivation,^[@ref72]^ Bae et al. described a simpler PbCl~*x*~ passivation on PbSe NCs as a means to prevent oxidation during long-term air exposure.^[@ref280]^ As schematically shown in [Figure [25](#fig25){ref-type="fig"}](#fig25){ref-type="fig"}e, through postsynthetic treatment of the PbSe NCs using molecular chlorine (or more precisely a solution of chlorine in carbon tetrachloride), the Se atoms were preferentially etched out by the chlorine molecules which then reacted with the Pb ions to form the thin (1--2 monolayers) PbCl~*x*~ passivation layer. The motivation behind exploring the molecular chlorine treatment was the authors' observation that the PbSe NCs exhibit higher PL intensity and spectral stability against oxidation when dispersed in chlorinated organic solvents like cholorform as compared to those dispersed in, say, hexane or toluene. The thin PbCl~*x*~ layer was effective toward preventing oxidation during long-term air exposure and also ensured the passivation of trap states, thereby increasing the PL efficiency. The stability was evident from the optical absorption spectra, shown in [Figure [25](#fig25){ref-type="fig"}](#fig25){ref-type="fig"}e, of the NCs with (red curve) and without (blue curve) the protective PbCl~*x*~ layer. The surface passivation ensured that the NCs retained their optical signatures even after 24 days of air exposure.

### 3.2.2. Surface Binding Affects NC Properties {#sec3.2.2}

Compared to the postsynthetic ligand exchange protocols for introducing halide ligands on CdE NCs (as described in [section [3.1.2](#sec3.1.2){ref-type="other"}](#sec3.1.2){ref-type="other"} above), the efforts on PbE NCs are far more numerous and have contributed to a better understanding of the NC surface. The main motivation behind such detailed study stems from the fact that PbE NCs are important optoelectronic materials. However, despite their potential, susceptibility to oxidation has hampered their implementation.^[@ref69],[@ref280],[@ref283]^ This tendency leads to uncontrollable changes in their optical and electronic properties and sudden failure in solar cell performance.^[@ref72],[@ref275]^ Halide ions were found to be one of the important surface species for this situation, since they imparted protection against oxidation while facilitating inter-NC communication for improved thin film device performance. For instance, a 2016 report from Brutchey's group describes a solution-phase ligand exchange process for PbS NCs. In this work, Lu et al. employed the Z-type PbI~2~ or the X-type NH~4~I as incoming surface ligands along with *n*-butylamine (for solubility in organic solvents,^[@ref284]^ using the same logic as demonstrated by Owen in the case of CdSe NCs.^[@ref266]^ The ligand exchange was shown to be near-quantitative, and the PbI~2~ passivation led to better colloidal stability and superior photovoltaic performance in polymer:NC hybrid solar cells.

Indeed, ammonium halides are one of the favored reagents for performing ligand exchange on PbE NCs, as demonstrated by several literature reports on this matter. For instance, in 2015 Sayevich et al. used ammonium iodide to perform postsynthetic ligand exchange on PbSe NCs to yield iodide capping that preserved the electronic structure and photophysical properties of these NCs at ambient conditions and also improved their transport characteristics.^[@ref285]^ Prior to that in 2014 Kim et al. employed ammonium iodide to replace the native oleate ligands on the PbS NC surfaces to obtain iodide-terminated NCs that were soluble in polar solvents like *N,N*-dimethylformamide without significant particle aggregation (as schematically shown in [Figure [26](#fig26){ref-type="fig"}](#fig26){ref-type="fig"}a).^[@ref286]^ However, the solubility was compromised in the case of fluoride (F^--^) or chloride (Cl^--^) termination. This was rationalized on the basis of hard and soft acid base (HSAB) theory whereby the surface Pb^2+^ being a soft acid would like to bond strongly with a softer base for a halide ion, the iodide (I^--^). The smaller and hence harder bases, fluoride and chloride ions, did not coordinate to the PbS NC-surfaces properly, leading to aggregation. The stable iodide-terminated NC solution was then used to fabricate solar cells (schematic device structure and cross-sectional TEM image shown in [Figure [26](#fig26){ref-type="fig"}](#fig26){ref-type="fig"}b) which exhibited a PCE of 2.36% under ambient conditions.

![Using ammonium halides (NH~4~X) to exchange native ligands on PbE NCs. (a) Schematic showing the replacement of native organic oleate ligands on PbS NC surfaces with iodide ions (using a solution of NH~4~I in methanol). (b) Schematic and the respective cross-sectional TEM image of the heterojunction solar cell fabricated from the iodide-terminated PbS NCS. Adapted from ref ([@ref286]). Copyright 2014 American Chemical Society. (c) Schematic showing the formation of atomically thin PbX~2~ adlayer on the undercoordinated PbSe(100) facet formed by treating PbSe NCs with ammonium halides (NH~4~X). (d) Formation energies of the different PbX~2~ adlayers on the PbSe(100) surfaces, calculated using DFT. (e) Site-projected electronic density of states (DOS) for PbX~2~/PbSe(100) showing the individual contributions from surface Pb (purple), bulk Pb (black), Se (red), and X (blue). Midband gap of the bare PbSe(100) after vacuum alignment is represented by the zero energy. Adapted from ref ([@ref69]). Copyright 2014 American Chemical Society.](cr-2018-00158z_0026){#fig26}

This study came in close at the heels of another report from the same (Jeong) group, wherein they described a postsynthetic halide salt treatment of the PbSe NCs that led to their unprecedented air stability without significant alteration in optoelctronic characteristics.^[@ref69]^ In this work, Woo et al. achieved the halide passivation simply by incubating the NC growth solution with ammonium chloride. However, the native oleate ligands were not completely replaced by the chloride ions in this case and merely reduced by 3.5%. The NCs, both in solution and when deposited into a film, remained stable for days. The size-independent stability was explained by the passivation of undercoordinated PbSe(100) facet by atomically thin PbX~2~ (X = Cl, Br, I) adlayers, as depicted in [Figure [26](#fig26){ref-type="fig"}](#fig26){ref-type="fig"}c. As proposed earlier by the same group, the PbE NCs show size-dependent air stability depending on the occurrence of an oleate-capped Pb-rich (111) facet and the undercoordinated stoichiometric (100) facet.^[@ref283]^ Hence, the (100) facets are more prone to oxidation and a successful passivation of the same yields stability. The feasibility of the model of the atomically thin adlayer was further demonstrated by the calculated formation energies for different halides ([Figure [26](#fig26){ref-type="fig"}](#fig26){ref-type="fig"}d), which showed that a PbF~2~ layer was unlikely to form due to a discrepancy between the Pb--F and the Pb--Se bond lengths. The electronic structure analyses for the various halide adlayers also show a rigid downshift of the electronic bands by 0.4--1.1 eV, as in [Figure [26](#fig26){ref-type="fig"}](#fig26){ref-type="fig"}e.

Sargent's group, on the other hand, used another variant of NH~4~I, tetrabutylammonium iodide (TBAI), for their ligand exchange protocols on PbS NCs, among others.^[@ref7]^ They developed a solution ligand exchange protocol, as described by Ning et al.,^[@ref287]^ as well as a solid-phase procedure where PbS NC films were treated with a TBAI:methanol solution (Zhitomirsky et al.).^[@ref288]^ Ning et al. observed that the iodide ions partially displaced the native organic ligands (oleate; [Figure [27](#fig27){ref-type="fig"}](#fig27){ref-type="fig"}a) and led to an increase in the PLQY of the solution-phase halide-treated NCs to 20% from that of 12% for untreated ones.^[@ref287]^ This was attributed to the reduced trap density upon halide treatment which translated into improved electron transport between NCs. They measured a PCE of 6.6% from solar cells fabricated from these NCs. Zhitomirsky et al. subsequently extended the idea of halide capping to achieve n-type doping in PbS NC films in 2014.^[@ref288]^ However, the halide capping in this case did not afford great protection against oxidation since the films turned p-type within 10 min of exposure to oxygen. The authors also found that the average carrier density and the mobility strongly depended on the nature of the halide ion.^[@ref289]^ The iodide passivation yielded the lowest doping density and highest carrier mobility, while chloride passivation exhibited the exact opposite characteristics. Hence, the level of doping could be controlled in the range from 10^16^ to 10^18^ cm^--3^ by simply changing the halide ion. In 2015, Zhang et al. made similar conclusions from their experiments with methanol solutions of TBA--X salts on PbSe NC thin films.^[@ref290]^ Additionally, they found that the hot carrier thermalization time for the iodide-treated films can be three times as long as that for chloride treatment.

![Iodide capping on PbE NCs brought about by ligand exchange using tetrabutylammonium iodide. (a) Solution-phase ligand exchange scheme for partially replacing native oleate ligands on PbS NCs with iodide ions. Reproduced with permission from ref ([@ref287]). Copyright 2012 John Wiley and Sons. (b) Iodide capping on the NC surface affords greater protection from oxidation than the smaller chloride ions due to its sheer size which blocks the oxygen access of the NC surface. (c) Schematic representation of the desorption kinetics of different ligands under the attack of protons. Iodide was found to have the highest desorption energy. Adapted with permission from ref ([@ref291]). Copyright 2014 Macmillan Publishers Limited.](cr-2018-00158z_0027){#fig27}

In a 2014 report from Sargent's group, Ning et al. resolved the issue of stability against oxidation for n-type PbS NC solids through solution halide treatment to obtain high-performance, air-stable films.^[@ref291]^ Their choice of halide ions for improved passivation was based on the small steric hindrance offered by them for complete coverage of the NC surface. Since protic solvents are typically used in desorbing the original ligands on a NC surface and prepare sites for the incoming ligands, an idea of the binding strength of the final ligand yields insights into its protective ability. The authors modeled the desorption of various ligand moieties on PbS NC surfaces under the attack of protic solvents using DFT calculations and found that iodide ions exhibit higher surface desorption energy than the others. This observation was also supported by the fact that iodide ions with their larger size could help protect the NC surface against oxidation, better than the other smaller halide ions ([Figure [27](#fig27){ref-type="fig"}](#fig27){ref-type="fig"}b). The higher desorption energy of iodide ions was explained on the basis of HSAB theory whereby the H^+^ being the hardest acid would show more affinity toward the harder base like Cl^--^ instead of the softer I^--^, for the reaction scheme shown in [Figure [27](#fig27){ref-type="fig"}](#fig27){ref-type="fig"}c. Experimentally, chloride and bromide termination revealed higher defect density than the iodide case, which also exhibited greater retention in the NC films compared to the chloride and bromide cases. The n-type character of the films was also retained upon air exposure for only the iodide termination. The devices fabricated from bromide- and chloride-treated NCs rapidly lost performance upon air exposure.

Zhang et al. slightly varied the ligand exchanging reagent to a combined ammonium sulfide and iodine treatment.^[@ref292]^ A surface PbI~2~ layer was produced from the redox reaction between molecular iodine and PbS NC which effectively passivated the NC surface trap states.

The electronic properties of semiconductor NCs are dependent on both the NC size and the surface chemistry. The same is true for PbE NCs and requires detailed study since they are ideal materials for various optoelectronic applications. Brown et al. used ultraviolet photoelectron spectroscopy to elucidate the energy level shifts due to halide passivation along with that by different other ligands.^[@ref70]^ They found that these energy shifts scale with the ligand dipole moment and were also consistent with the performance of the photovoltaic devices. The ligand binding on the NC surface was modeled by approximating the NC as a semi-infinite PbS(100) slab, since (100) and (111) are the dominant facets in PbS NCs, as mentioned above ([Figures [25](#fig25){ref-type="fig"}](#fig25){ref-type="fig"}b and [26](#fig26){ref-type="fig"}c). One side of the slab was passivated with ligands and the other side with pseudohydrogen atoms for charge balance as depicted in [Figure [28](#fig28){ref-type="fig"}](#fig28){ref-type="fig"}a, although the authors obtained similar results upon passivating both sides with ligands. The authors simulated the binding of five ligands, as depicted in [Figure [28](#fig28){ref-type="fig"}](#fig28){ref-type="fig"}b and [28](#fig28){ref-type="fig"}c, using first-principles DFT calculations. The electronic DOS for the ligands (shaded curves) and ligand--slab system (unshaded curves) for the five ligands reveal that the band gap remained relatively unchanged upon ligand adsorption, while the valence band maximum (VBM) and the conduction band minimum (CBM) shift in accordance to the electrostatic potential generated due to these ligands ([Figure [28](#fig28){ref-type="fig"}](#fig28){ref-type="fig"}b). The energy level shifts upon ligand adsorption were then conceptualized as the sum of two dipole contributions: one from the dipole formed between the surface atom of the NC and the binding group of the ligand and the other from the intrinsic dipole moment of the ligand itself. These two competing electrostatic contributions then define the net shift in the energy levels upon ligand adsorption, which was found to scale as the total dipole moment generated, as shown in [Figure [28](#fig28){ref-type="fig"}](#fig28){ref-type="fig"}c. Halide ions lack an intrinsic dipole moment, as opposed to the other ligands studied here, generating a large net dipole moment leading to the observed high band energy shifts.

![DFT calculations for energy shifts for PbS slabs induced by ligands. (a) PbS slab used for modeling: left side passivated with adsorbed ligands and right side with pseudohydrogen atoms for charge balance. (b) Electronic DOS for the five ligands considered: shaded curves represent the ligand, while the unshaded curves denote the ligand--slab system. (c) Energy shifts for the five ligands denoted by black arrows, with individual components denoted by red (ligand-surface--Pb-atom interface dipole moments) and blue (intrinsic dipole of the ligand) arrows. Adapted from ref ([@ref70]). Copyright 2014 American Chemical Society. (d) Electronic DOS for a charge-balanced NC (upper) and that with trap states depicted in pink for noncharge-balanced NCs (lower panel); cartoon on the side depicting the ability of the halogens to fill up the interatom trenches which are otherwise inaccessible to bulky organic ligands and hence effectively passivate the NC surface. Reproduced with permission from ref ([@ref67]). Copyright 2012 Macmillan Publishers Limited.](cr-2018-00158z_0028){#fig28}

This set of studies by Brown et al. provides important insights into the tunability of the NC electronic properties using their surface chemistry.^[@ref70]^ The energy level shifts can be used to predict changes in the PV device performance and can be used as a guide for the choice of ligand and device architecture for NC PV applications. Bawendi's group exploited these results to design a room-temperature solution-processed PV device from iodide-stabilized PbS NCs using a cascaded energy level architecture.^[@ref293]^ A very recent (2018) study by Yazdani et al. sheds further light on this matter through ab initio molecular dynamics simulations on halide-passivated PbS NCs.^[@ref294]^ They show that significant electron--phonon interactions can explain the large thermal broadening, and fast carrier cooling rates in PbE NCs and halide termination can suppress these effects.

Other sources of halide ligands include methylammonium halides (CH~3~NH~3~X), which have been used for solution ligand exchange on PbS NCs.^[@ref269]^ Propyltrichlorosilane is another chloride ion source which was used to replace the native ligands on PbSe NCs by Zanella et al.^[@ref267]^ Zhitomirsky et al. employed a solution treatment using chlorinated thiols on PbS NCs which resulted in a reduction in trap states and a PCE of 8.5% from the NC films.^[@ref295]^ Ibáñez et al. used HCl to displace the native oleate ligands on PbE NCs, which upon consolidation into dense pellets led to diffusion of the halide ions into the crystal structure, thereby doping the anion sublattice and achieved n-type electrical doping.^[@ref296]^ The authors further demonstrate the effectiveness of this doping strategy in controlling the charge transport properties through thermoelectric measurements on these pellets assembled from NC building blocks. Balazs et al. investigated the effect of counterions (ammonium, methylammonium, and tetrabutylammonium) in the iodide salt used for treating PbS NC thin films.^[@ref297]^ They found that a bulkier counterion like tetrabutylammonium hinder complete ligand exchange. More effective trap state passivation with 1-propyl-2,3-dimethylimidazolium iodide was recently demonstrated by Azmi et al. wherein the PbS NC thin films exhibited a PCE of 10.89% that was maintained at 90% after 210 days of air storage.^[@ref298]^

As mentioned above, poorly passivated NC surfaces introduce mid-band-gap trap states which lead to poorly performing optoelectronic devices. Sargent's group demonstrated through DFT calculations that even a small imbalance between the number of ligands and the surface Pb atoms results in trap states that severely impede device performance in comparison to the trap-free case (DOS for the two cases shown in [Figure [28](#fig28){ref-type="fig"}](#fig28){ref-type="fig"}d).^[@ref67]^ In this report, Ip et al. further explored if a complete passivation of the surface trap states is feasible using organic ligands alone and found that steric hindrance prevents the bulky organic molecules from accessing the intercation trenches leading to unpassivated trap states ([Figure [28](#fig28){ref-type="fig"}](#fig28){ref-type="fig"}d). However, owing to their small size, halide atoms were conjectured to effectively passivate these sites. The authors then went on to demonstrate the effectiveness of the halide passivation through treating PbS NCs with CdCl~2~ dissolved in a mixture of tetradecylphosphonic acid and oleylamine immediately after the nucleation and growth stages of the NCs. They compared the results with PbCl~2~ as the chloride source and found that although the chloride ions effectively passivated the midgap states, the choice of cation was important since CdCl~2~ treatment yielded higher hole mobilities in the NC films. In a 2014 report from Sargent group, Katsiev et al. provided further insights into the role of cations using photoelectron spectroscopies and found a reduction in the conduction band tail states when CdCl~2~ was used in comparison to PbCl~2~.^[@ref299]^ Marshall et al. extended the study further in a more recent paper, wherein they explored the effect of metal chloride salts with metals of varying oxidation states (from +1 to +3; Na^+^, K^+^, Zn^2+^, Cd^2+^, Sn^2+^, Cu^2+^, and In^3+^) on PbSe NC solar cells.^[@ref300]^ CdCl~2~ was found to be the most beneficial in terms of both device performance and resistance against oxidation. The solar cell fabricated with CdCl~2~ treatment was stable in air for 270 days. However, in another study from the same group, PbI~2~ treatment was found to be the most beneficial, although most of the organic ligands were removed in that exchange in addition to the chloride ions that resided on the surface as an end result of the synthesis protocol which involved cation exchange from CdE to PbE NCs by using PbCl~2~ as the incoming cation source.^[@ref301]^

Böhm et al. reported another variation of the CdCl~2~ treatment where they employed a hybrid ligand solution containing CdCl~2~ and 3-mercaptopropionic acid that are in equilibrium with a metal--ligand complex in solution.^[@ref302]^ Treating the NC films with this ligand solution helped passivate the sub-band-gap tail states in PbSe NCs.

3.3. Copper Chalcogenide (Cu~*x*~E~*y*~, E = S, Se, Te) NCs {#sec3.3}
-----------------------------------------------------------

### 3.3.1. Influencing NC Growth {#sec3.3.1}

It has only been very recently that researchers turned their attention toward the effect of halide ions on the formation of copper chalcogenide NCs. The first such study on the growth of copper chalcogenide NCs came from the group of Yinthai Chan in 2014.^[@ref303]^ In this work, Wu et al. described two-dimensional growth of Cu~2~S NCs when halide ions were present in the reaction mixture, instead of the formation of spherical NCs in their absence. The 2D growth was rationalized on the premise of reduced availability of the copper(I) thiolate precursor due to the interference from the halide ion which inhibited its rate of formation from copper(I) acetate and dodecanethiol in situ. This inhibited the nucleation event and drove the NC growth into the thermodynamic regime which favored the formation of triangular nanoplates comprising of {002} lateral facets and {100} edge facets. Although chloride was introduced as hydrochloric acid (HCl), other halide sources such as copper(I) halides (CuX, X = Cl, Br, I) also resulted in nanoplate formation, albeit at a higher temperature. The authors also observed that the thickness of the nanoplates decreased with a concomitant increase in the lateral dimension upon increasing the chloride content in the reaction, as shown in [Figure [29](#fig29){ref-type="fig"}](#fig29){ref-type="fig"}a.

![Influence of halide ions on the growth and transformation of Cu~*x*~E~*y*~ NCs. (a) Increasing lateral dimension of Cu~2~S nanosheets associated with a decrease in the thickness, as the chloride ion content of the growth reaction mixture increased. Adapted from ref ([@ref303]). Copyright 2014 American Chemical Society. (b) Synergistic interaction between copper--thiolate complex and halide ions leading to the formation of Cu~2--*x*~S nanosheets. Br^--^ ions give rise to hexagonal shapes, while Cl^--^ ions lead to triangular sheets. Adapted from ref ([@ref304]). Copyright 2015 American Chemical Society. (c) Schematic showing halide-assisted ripening of triangular CuS nanoprisms at the expense of unfaceted nanodiscs leading to bimodal size distribution. Adapted from ref ([@ref309]). Copyright 2015 American Chemical Society.](cr-2018-00158z_0029){#fig29}

A few months later, van der Stam et al. reported a similar observation wherein they obtained ultrathin Cu~2-x~S nanosheets through a synergistic interaction between halide ions (more specifically Br and Cl) and copper--thiolate precursor.^[@ref304]^ The formation and growth of colloidal Cu~2-x~S NCs proceeds through the thermolysis of Cu--dodecanethiol complex in solution, which involves the limiting C--S bond cleavage step.^[@ref305]^ van der Stam et al. showed that the halide ions, introduced as SnBr~4~ and/or SnCl~4~, stabilize the Cu--thiolate framework that preserves its 2D structural integrity even at temperatures high enough for C--S thermolysis to occur.^[@ref306]^ The liquid crystal phase of the Cu--dodecanethiol complex consists of a hexagonal columnar mesophase where each column comprises of a stack of tetranuclear \[Cu~4~(dodecanethiol)~4~\] discs which are held together by the weaker interdisc Cu--S interactions.^[@ref307]^ These interdisc and intercolumn interactions diminish at high temperatures and lead to a Cu-catalyzed C--S thermolysis that leads to the formation of Cu--S NCs. Halide ions interact with this copper-thiolate precursor to create a template that imposes 2D constraints on this very C--S thermolysis, leading to the formation of colloidal 2D Cu~2-x~S NCs.

Interestingly, bromide ions induce the formation of hexagonal sheets while chloride ions changed that shape to triangular, similar to the observations by Wu et al. as mentioned above and depicted in [Figure [29](#fig29){ref-type="fig"}](#fig29){ref-type="fig"}b.^[@ref303]^ Iodide failed to generate nanosheets, on the other hand, and this phenomenon was explained on the basis of stronger interaction between the soft acid Cu(I) and the softer base iodide ions (softer than chloride and bromide), which led to a 3D geometry of the halide--Cu--thiolate precursor. Later (2016), Bryks et al. demonstrated a similar Cl-assisted synthetic strategy for ultrathin Cu~9~S~5~ nanosheets.^[@ref308]^

Hsu et al., on the other hand, explored the influence of halide ions on the growth of oleylamine-capped CuS NCs.^[@ref309]^ They found that the halide ions, when present in the reaction mixture as sodium or potassium halide, led to NC morphological transformation from nanodiscs to faceted triangular nanoprisms through a process akin to Ostwald ripening. They further demonstrated that this process likely occurred due to the competition between oleylamine and halide ions for surface binding sites and was strongest for the softer Lewis base I^--^ ions (compared to the harder bases Br^--^ or Cl^--^ ions) which had higher affinity for the surface Cu(I) ions (soft Lewis acids). A combination of halide-assisted and seed-mediated synthesis protocols was used where CuS triangular nanoprisms were formed as a result of ripening of the CuS nanodisc intermediates. A simultaneous shape-focusing and size-defocusing was described, i.e., the nanoprisms grew larger at the expense of smaller nanodiscs producing a bimodal size distribution, as schematically shown in [Figure [29](#fig29){ref-type="fig"}](#fig29){ref-type="fig"}c. The authors also reported salient differences in growth patterns depending on the nature of the halide ion used in the synthesis. As mentioned above, by virtue of possessing higher affinity toward the Cu(I) ions, I^--^ slowed the ripening process by stabilizing the CuS surface which produced nanoprisms with more homogeneous size and shape distribution that resembled nanodiscs formed without the addition of halide ions. On the other hand, Cl^--^ and Br^--^ facilitated faster ripening leading to the formation and enlargement of faceted nanoprisms, at the expense of unfaceted nanodiscs that produced bimodal size distribution. Recent studies on the influence of Cl^--^ ions also include transformations of Cu~2--*x*~S NCs to anisotropic nanostructures^[@ref310]^ and promotion of 2D growth.^[@ref311]^

### 3.3.2. Halide Ions as Ligand Moieties {#sec3.3.2}

Thus far there has been only one report of exploiting halide ions for a postsynthetic ligand exchange protocol on copper chalogenide NCs. Lee et al. effectively stripped the surface oleylamine ligands of Cu~2--*x*~Se NCs without passivating the NCs with chloride ions, through treatment of the NC films with a solution of ammonium chloride in methanol.^[@ref312]^ This improved the electronic coupling between the NCs which was demonstrated by the red shift in the direct and indirect band gaps, accompanied by a dampening in the surface plasmon resonance. The electrical conduction in the NC film also improved after ligand stripping, which led to improved thermoelectric performance of the NC thin films (Seebeck coefficient of 13 μV/K).

3.4. Silicon NCs {#sec3.4}
----------------

Achieving colloidal stability and device integration is a bit trickier for group IV NCs like that of Si, Ge, etc., than in the case of say metal chalcogenide NCs. The success in the latter case stems from the fact that the ligands on their surfaces are relatively labile and hence freely exchanged. In contrast, the surface ligands in the case of Si are covalently bound and are kinetically inert to exchange reactions. Consequently, this causes a hindrance toward exploiting the optoelectronic properties of thin film architectures where inter-NC communication becomes important at the device level (using short ligands) while colloidal stability is important for solution processing (effected typically by long alkyl chain ligands).

Wheeler et al. offered a solution to these issues together through their synthesis of Cl-terminated Si NCs which engaged in hypervalent interactions with donor molecules:,^[@ref73]^ Si is rendered a Lewis-acidic character upon bonding with Cl moieties which polarize the electron density away from the Si atomic centers. This makes them capable of engaging in pentavalent or even hexavalent bonding rather than their usual tetravalent coordination.^[@ref313]^ The hypervalent interactions by the surface Si--Cl groups with hard donor molecules (Lewis bases) provided colloidal stability in addition to doping of the Si NCs. They achieved the Cl-terminated surface through a nonthermal plasma synthesis which involved decomposition of SiCl~4~ in the presence of hydrogen. In contrast to standard colloidal methods, nonthermal plasma synthesis is particularly useful for group IV NCs primarily due to the high crystallization energies required.^[@ref314]^ Adding appropriate hard donor solvents such as ketones, aldehydes, and nitriles could then achieve a stable colloidal solution. The merits of the Cl termination were demonstrated through the colloidal stability since a control experiment with H termination did not yield a solution. A pictorial representation through molecular ball-and-stick models of the interaction between the Si--Cl surface groups of Si NCs and the donor carbonyl group of 2-butanone is shown in [Figure [30](#fig30){ref-type="fig"}](#fig30){ref-type="fig"}a.

![Exploiting halide handle in the synthesis and processing of Si NCs. (a) Ball-and-stick depiction of hypervalent interaction between the surface Si--Cl group (green and brown balls) of Cl-terminated Si NC surface and a hard donor molecule, 2-butanone (black, white and red balls). (b) Molecular orbital picture depicting the energetics of LUMO (Si--Cl)--HOMO (donor molecule) interaction. Adapted with permission from ref ([@ref73]). Copyright 2013 Macmillan Publishers Limited.](cr-2018-00158z_0030){#fig30}

The hypervalent interactions were further explained from a molecular orbital point of view, as schematically depicted in [Figure [30](#fig30){ref-type="fig"}](#fig30){ref-type="fig"}b. The lowest unoccupied molecular orbital (LUMO) of Si--H groups, being too high up in energy, does not favorably interact with donor molecules. On the other hand, the LUMO of the Si--Cl has a much lower energy due to polarization of electron density away from the Si surface atoms by Cl termination.^[@ref315]^ Hence, the highest occupied molecular orbital (HOMO) of the donor molecules that are much deeper in energy are more favorably posited to interact with the LUMO of Si--Cl. Similar hypervalent interaction-induced stabilization also operates in the case of Ge NCs terminated by Cl atoms, as reported by the same group earlier, although electrostatic stabilization was thought to be the dominant mechanism of stabilization at that time.^[@ref316]^

Although the first report on Cl termination on Si NCs came from Baldwin et al. way back in 2002,^[@ref317]^ it was only recently that the potential of such surface manipulation was explored. Substantial contribution in obtaining halide-terminated Si NCs also came from Veinot's group.^[@ref318]−[@ref320]^ In one of their first reports, Dasog et al. obtained Cl-terminated Si NCs through postsynthetic chlorination of H-terminated Si NCs.^[@ref318]^ Later, Islam et al. used Cl-terminated Si NCs produced by the same protocol in catalyzing the synthesis of poly-3-hexylthiophene.^[@ref319]^ The Lewis-acidic nature of the NC surface was utilized in this polymerization reaction. In a subsequent report, Dasog et al. presented postsynthetic halide insertion on the surface of Si NCs and studied its influence on their optical properties.^[@ref320]^ The halide termination quenched the fluorescence of the NCs however.

4. Metal Oxide Nanocrystals {#sec4}
===========================

Compared to the previously discussed classes of materials, the influence of halide ions on metal oxide NCs takes a slightly different course since it is only fluorine which has a lower electronegativity than oxygen and hence is in a situation to effectively perturb the surface energetics during NC growth. Indeed, as will be clear in the subsequent sections, the sheer number of literature reports on F adsorption on metal oxide NCs is larger than those concerning Cl, Br, or I. Interestingly, metal oxide NCs have been extensively synthesized starting from metal halide salts as either the most obvious precursors or as the most convenient ones.^[@ref321],[@ref322]^ A clear effect of halides in the overall growth and final properties of this class of NCs has been documented by numerous research groups.

4.1. TiO~2~ NCs: Shape Control Meets Optical Modulation {#sec4.1}
-------------------------------------------------------

Due to its numerous applications, the development of shape control in solution synthesis of nanostructured titanium dioxide (TiO~2~) is an important research avenue aimed at realizing the full potential of the material. It is an industrially important wide-band-gap semiconductor, and nanostructuring enables its use as an active material in various geometries in electrochromics, photovoltaics, lithium-ion batteries, photocatalysis, etc.^[@ref323],[@ref324]^ TiO~2~ crystallizes in three naturally existing polymorphs: rutile, anatase, and brookite,^[@ref324],[@ref325]^ out of which rutile is the most thermodynamically stable phase while anatase has been shown to be more photocatalytically active.^[@ref326]^ Anatase is also often found to be dominant in nanocrystalline TiO~2~ owing to its lower surface energy than rutile.^[@ref323]^ On the other hand, brookite is usually formed as a mixture with other polymorphs and is a stable phase at low temperatures.^[@ref327]^

The technological relevance of TiO~2~ has prompted many bulk studies aimed at examining the surface adsorption of various atomic and molecular species.^[@ref325],[@ref326]^ Halide ions/atoms have also received their fair share of attention with several reports discussing the adsorption of Cl at TiO~2~(110) surfaces.^[@ref328],[@ref329]^ The chlorine, dosed from an electrochemical source in the form of Cl~2~, was shown to dissociate at room temperature and adsorb at the 5-fold O-coordinated surface Ti atoms in an on-top configuration, as shown schematically in [Figure [31](#fig31){ref-type="fig"}](#fig31){ref-type="fig"}a.^[@ref328]^ Instead of the usual 6-fold O-coordinated Ti atoms in the crystal bulk, rows of 5-fold O-coordinated Ti atoms characterize the TiO~2~ (110) surface, which are separated by 3-fold-coordinated and bridge-bonded O atoms ([Figure [31](#fig31){ref-type="fig"}](#fig31){ref-type="fig"}a). The negatively charged Cl adatoms interact very differently with the surface Ti^4+^ and O^2--^ ions.

![Adsorption and dissociation of Cl~2~ on the TiO~2~ (110) surface. (a) Model depicting the different adsorption modes of Cl atoms on the surface. (b) STM image of TiO~2~ (110)-surface exposed to Cl~2~ at room temperature, bright round spots being the adsorbed Cl atoms. Some Cl--Cl pairs and single chlorine adatoms are demarcated by circles and squares, respectively. Adapted with permission from ref ([@ref328]). Copyright 1998 American Physical Society.](cr-2018-00158z_0031){#fig31}

The various modes of interaction between the adsorbate (Cl~2~) and the TiO~2~ (110) surface are best understood by following the labels in [Figure [31](#fig31){ref-type="fig"}](#fig31){ref-type="fig"}a, the first one being the approach of Cl~2~ molecule to the surface (A).^[@ref328]^ The dissociation of the Cl~2~ molecule on Ti atoms is an exothermic process which means that part of the excess energy liberated can be transferred into the kinetic energy of the resulting Cl atoms. If this dissociation happens in a trough (B), the Cl atoms remain confined to the Ti rows and possibly move a significant distance before their energies are compensated. These correlated Cl--Cl pairs can be observed in the STM image in [Figure [31](#fig31){ref-type="fig"}](#fig31){ref-type="fig"}b, as denoted by circles. However, the distribution of these pairs in [Figure [31](#fig31){ref-type="fig"}](#fig31){ref-type="fig"}b indicates a correlation across bridging oxygen rows as well, the pairs being widely spaced in this case. The authors invoke a so-called "cannon-ball mechanism" to explain this, according to which the Cl~2~ molecule adsorbs in an upright orientation with respect to the surface (E). An abstractive adsorption process follows, and one Cl atom shoots out in the vacuum and lands in the neighboring trough or even further away. The single Cl adatom denoted by squares in STM image in [Figure [31](#fig31){ref-type="fig"}](#fig31){ref-type="fig"}b was taken as an indicator of this canon-ball process. The scenarios labeled by D and C represent the unlikely situations of Cl~2~ oriented perpendicular to Ti rows and the van der Waals radius of a Cl^--^ ion, respectively.

The adsorption mechanism described above was solely based on STM imaging. However, later photoemission experiments demonstrated that Cl adsorption also occurred in O vacancies, which is signified by the rapid quenching of the defect-related gap state upon Cl dosing to a slightly defective surface at room temperature.^[@ref329],[@ref330]^ The Cl atoms adsorbed in O vacancies are expected to have an image contrast similar to bridging oxygen atoms and hence were not observable during STM imaging. This means that the "single" Cl atoms shown in [Figure [31](#fig31){ref-type="fig"}](#fig31){ref-type="fig"}b can very well be the leftover partners from a dissociated Cl--Cl pair, the other of which went on to fill a vacancy in the bridging oxygen rows. In addition, the calculations performed by these authors also demonstrated that Cl adsorption in an O vacancy is more favorable than at 5-fold-coordinated Ti atoms and corroborated further by Cl dosing at higher temperatures (∼150 °C).^[@ref330]^

No long-range halide ordering was observed in these bulk studies, and the localized and disordered adsorption of the Cl atoms was generally reported. The implications of these halogen-adsorption processes on TiO~2~ surfaces have a more pronounced impact in nano- and microscale systems simply due to the larger surface area under investigation offered by these systems. For instance, Yang et al. reported a hydrothermal synthesis of anatase TiO~2~ in 2008, where the introduction of hydrofluoric acid (HF) in the growth solution led to the formation of truncated bipyramical microcrystals.^[@ref331]^ This unique morphology is the result of the reversal of relative surface energies of the {001} and {101} facets, {001} being more stabilized by F termination and expressed at a high percentage in the microcrystals (47%). In general, {101} facets are thermodynamically more stable in F-free reaction conditions and can constitute about 94% of the surface (as per Wulff construction).^[@ref332]^ This work showed that F adatoms were especially well suited for this kind of relative free energy modulation of anatase TiO~2~ surfaces.

On the basis of first-principles calculations, Yang et al. investigated the effect of 12 different types of nonmetallic adatoms (namely, H, B, C, N, O, F, Si, P, S, Cl, Br, or I) on the surface energy of {001} and {101} facets, as illustrated in [Figure [32](#fig32){ref-type="fig"}](#fig32){ref-type="fig"}a and [32](#fig32){ref-type="fig"}b.^[@ref331]^ The models used for the clean and adatom (X)-terminated surfaces are shown in [Figure [32](#fig32){ref-type="fig"}](#fig32){ref-type="fig"}a, while [Figure [32](#fig32){ref-type="fig"}](#fig32){ref-type="fig"}b shows the influence of these adsorbates on the free energy of these surfaces and the resulting surface area contributions in the anatase TiO~2~ microcrystals and hence the resulting morphology (defined by the length parameter ratio, B/A). It is easy to see from [Figure [32](#fig32){ref-type="fig"}](#fig32){ref-type="fig"}b that F termination yields the lowest values of surface energies for the two facets and also imparts more stability to the {001} facets. This directly translates into the dominance of {001} facets in the resulting TiO~2~ microcrystals, shown in [Figure [32](#fig32){ref-type="fig"}](#fig32){ref-type="fig"}c. The authors subsequently followed this work with another report on the solvothermal synthesis of anatase TiO~2~ single-crystal microstructures where the synergistic influence of F^--^ ions and isopropanol was used to increase the percentage of {001} facets even further, resulting in rather flat microcrystals.^[@ref333]^ The stabilizing influence of F^--^ on the {001} facets has since been demonstrated in other aqueous syntheses of anatase TiO~2~ nano/microsructures as well, where varied F sources were employed (apart from the commonly used HF). Notable examples include ammonium fluoride,^[@ref334]^ 1-butyl-3-methylimidazolium tetrafluoroborate,^[@ref335],[@ref336]^ 1-methylimidazolium tetrafluoroborate,^[@ref337]^ ammonium bifluoride,^[@ref338]^ etc.

![Adsorbate-induced surface energy alteration of {001} and {101} facets of anatase TiO~2~ and its implication in microcrystal growth. (a) Ball-and-stick diagrams depicting unrelaxed TiO~2~ facets without (top row) and with (bottom row) adatom (X) passivation. Ti and O atoms are represented by gray and red balls, respectively, with the prefix denoting the coordination, i.e., 6c-Ti implies a 6-fold-coordinated Ti atom. (b) Calculated surface energies of the facets (left plot) and surface area fraction contributed by the {001} facet (along with the ratio of length parameters, B/A) (right plot) upon adatom passivation. (c) TiO~2~ microcrystals synthesized in the presence of F^--^ ions. Adapted with permission from ref ([@ref331]). Copyright 2008 Macmillan Publishers Limited.](cr-2018-00158z_0032){#fig32}

The stabilizing influence of F termination on an otherwise high-energy reactive {001} facet created a surge of interest in studying this aspect, especially since TiO~2~ is a very important photocatalyst and this activity is crystal facet specific in nature. Nanostructured TiO~2~ is a particularly attractive platform for these studies as large surface areas can be accessed, which is beneficial for catalysis in general as more surface sites of the catalyst are available for the reaction under investigation. For instance, Chen et al. reported a microemulsion-based synthesis of truncated tetragonal nanobipyramids of TiO~2~ by using sodium fluoride as the source of F^--^ ions.^[@ref339]^ They made a comparative investigation of the effect of different halide ions by using sodium halides (for F^--^, Cl^--^, and Br^--^ ions) in the reaction mixture and found that the presence of halide ions promoted the formation of larger NCs with F^--^ ions yielding the largest ones. Trentler et al. made a similar observation in their nonhydrolytic synthetic route involving an alkyl halide elimination reaction between titanium halide and titanium isopropoxide--smaller NCs formed upon increasing the size of the halide ion in the synthesis of TiO~2~ NCs.^[@ref340]^ Ichimura et al. used metal fluoride salts (which include sodium, lithium, cesium fluorides) in their hydrothermal synthesis of anatase films on gold substrates that expose the {001} facets.^[@ref341]^ However, F^--^ has been found to act in synergy with other molecules/adsorbates as well, as has been demonstrated by a various research groups. Menzel et al. showed the cooperation between water, HF, and TiF~4~ in the formation of TiO~2~ nanoplatelets,^[@ref342]^ while the combined influence of HF and hydrogen peroxide has been reported in the formation of hollow microspheres of TiO~2~ with exposed {001} facets^[@ref343]^ and truncated bipyramid-shaped NCs.^[@ref344]^ An interesting precursor TiO~*x*~F~*y*~ was also shown to be useful for modulating the percentage of {001} facets in the resulting microcrystals simply by modifying the fluoride content.^[@ref345]^

The surface energies of anatase TiO~2~ decrease in the order {001} \> {100} \> {101}, which results in the equilibrium shape of its crystals being truncated octahedral bipyramid with {101} surfaces on the sides and {001} surfaces on the top and bottom truncation facets ([Figure [33](#fig33){ref-type="fig"}](#fig33){ref-type="fig"}a, leftmost shape).^[@ref332],[@ref346]^ Both natural and synthetic anatase crystals exhibit this shape, and the degree of truncation can be defined by the ratio of the length parameters, B and A, as demarcated on the schematic (leftmost shape) in [Figure [33](#fig33){ref-type="fig"}](#fig33){ref-type="fig"}a. This equilibrium shape exposes hardly about 10% of the {001} facets, and Yang's work on the use of F^--^ capping which reverses the facet stability order ({101} \> {100}) was an important breakthrough,^[@ref331],[@ref333]^ as can be gauged from the plethora of research that followed (discussed above). Increasing the percentage of {001} facets, which leads to an increase in B/A ratio, and elucidating the mechanism responsible for it became one of the prime objectives of all these studies.^[@ref347]^ One of the most striking demonstrations of the influence of F^--^ capping was made by Han et al. in 2009 when they produced anatase TiO~2~ nanosheets exhibiting a very high percentage of the {001} facets through a hydrothermal approach.^[@ref348]^ They showed that the {001} percentage increased with an increase in the added HF in the reaction mixture, and the lateral size of the sheets also increased. The average lateral size of the nanosheets could reach the order of 130 nm with 8 nm thickness, amounting to an average percentage of 89% of {001} facets. [Figure [33](#fig33){ref-type="fig"}](#fig33){ref-type="fig"}b shows representative TEM images of some of the nanosheets prepared by this method. In comparison, Yang et al. reported the {001} content being up to about 64% in their microcrystals.^[@ref333]^ Later in 2011 Wen et al. extended the {001} proportion in their solvothermal synthesis of TiO~2~ nanosheets to 98.7% which spanned few micrometers in lateral dimension.^[@ref349]^

![Implications of F^--^-facet capping on the morphology of solution-grown anatase TiO~2~ NCs. (a) Schematic showing the changes in morphology of anatase TiO~2~ NCs as the order of surface energy reverses for {001} and {101} facets upon F-capping. Percentage of {001} facets increases upon carefully modulated F capping, resulting in different NC shapes. (b) TiO~2~ nanosheets exhibiting 89% of exposed {001} facets. Adapted from ref ([@ref348]). Copyright 2009 American Chemical Society. (c) TiO~2~ NCs of different shapes synthesized by careful modulation of the cosurfactant and titanium halide precursor concentrations. Reproduced from ref ([@ref353]). Copyright 2012 American Chemical Society.](cr-2018-00158z_0033){#fig33}

The {001} facet stabilization by F termination had been attributed to the strong bonding between the unsaturated Ti atoms and the incoming F atoms.^[@ref331]^ The strength of the Ti--F bonding is such that water dissociation on the {001} anatase surface, which otherwise occurs spontaneously on a clean surface, becomes highly unlikely upon F capping.^[@ref350]^ The chemistry of the F adsorption on the anatase crystal facets had been explored in a few literature reports. For instance, Zhang et al. used DFT calculations to show that the surface fluorination on the {001} facets can occur only through the dissociative adsorption of molecular HF under acidic conditions, while the dissociative adsorption of NaF is thermodynamically unfavorable.^[@ref351]^ This work rationalized the apparent dependence on pH reported by earlier works, e.g., Yang et al. used hydrochloric acid (HCl) for pH adjustment in addition to using HF as the morphology director.^[@ref331],[@ref333],[@ref348]^ Other reports discussing the role of in situ formed HCl in the growth of TiO~2~ NCs also include an earlier one from 2003.^[@ref352]^ The authors demonstrated that increasing the Cl^--^ concentration led to the increased acidity of the solution which hinders nuclei formation and hence modifies growth rate. The hydrolytic equation of TiCl~4~ (*n*TiCl~4~ + 2*n*H~2~O ⇋ *n*Ti(OH)~4~ + 4*n*HCl) mandates enhanced production of H^+^ ions at higher concentrations of TiCl~4~ in the highly acidic solution. Fewer NRs were formed in such scenarios, which means that a fine balance of Cl^--^ ions and resulting acidity needs to be achieved for optimized shape control.

A comprehensive shape control of anatase TiO~2~ NCs in the nonaqueous surfactant-assisted synthesis regime through the influence of F^--^ ions was reported by Gordon et al. in 2012.^[@ref353]^ They employed a seeded growth method to produce highly uniform NCs with tailorable morphology through engineering the percentage of {001} and {101} facets by careful modulation of the cosurfactant and titanium precursor concentrations. The morphology descriptor was HF as well, which was released in situ from the reaction between the cosurfactant (oleylamine/octadecanol) and the titanium(IV) fluoride (TiF~4~) precursor used in their synthesis. The percentage of {001} facets increased when F species were present in the growth mixture, as can be envisaged from [Figure [33](#fig33){ref-type="fig"}](#fig33){ref-type="fig"}c, left column. Cl species, on the other hand, exhibited little deviation from the equilibrium shape of the NCs ([Figure [33](#fig33){ref-type="fig"}](#fig33){ref-type="fig"}c, right column), save from reducing the amount of HF released and hence the reduced percentage of {001} facets when mixed (1:1 F/Cl) precursors are used (middle column, [Figure [33](#fig33){ref-type="fig"}](#fig33){ref-type="fig"}c). This is line with the predictions made by Yang et al. (see [Figure [32](#fig32){ref-type="fig"}](#fig32){ref-type="fig"}b).^[@ref331]^ The choice of the surfactants also bore a significant contribution to shape modulation. The {001} facets were expressed less when oleylamine was used since the in situ generated HF was sequestered by the excess amine in solution, reducing the amount available for surface capping.

Apart from modifying the surface energies and growth kinetics leading to NC shape modulation, the optical characteristics of nanostructured TiO~2~ exhibit a significant influence from the halide adsorption. This phenomenon has already been shown in the bulk through photoemission,^[@ref329],[@ref330]^ electrochemical,^[@ref354]^ and photocatalytic activity measurements.^[@ref355]−[@ref357]^ Halide doping in TiO~2~ was initially thought to be causing a red shift in its absorption edge which enables visible-light-driven photocatalysis.^[@ref357],[@ref358]^ A later report, however, demonstrated that F doping has much less effect on the optical absorption of bulk TiO~2~ and instead is involved in the creation of oxygen vacancies which leads to the visible-light-driven photocatalysis.^[@ref359]^ This is in line with the calculated band structure of F-doped TiO~2~ by Yamaki et al., where it was shown that the localized F 2p levels due to F doping are posited deep within the valence band maximum of TiO~2~.^[@ref360]^ A similar explanation was offered for the blue color of the NCs prepared by Gordon et al., which also exhibit a broad visible/NIR absorbance that peaks in the infrared and is ascribed to the localized surface plasmon resonance arising from the significant electron density.^[@ref353]^

More recent reports on the question of F doping in TiO~2~ offer further in-depth explanations. For instance, in 2008 Czoska et al. expanded on the picture offered by Yamaki et al. to demonstrate that F doping in TiO~2~ forms two different F species in the crystal---one that substitutes oxide lattice sites yielding a bridging Ti--F--Ti bond in the bulk and the other being those on the surface yielding a terminal Ti--F bond.^[@ref361]^ The substitutional doping (of O^2--^ by F^--^) induces the formation of Ti^3+^ species in an octahedral environment that introduces localized states just below the conduction band and leads to n-type doping. Jun et al. corroborated this picture experimentally through a suite of X-ray spectroscopies.^[@ref362]^ Seo et al. demonstrated that F insertion in TiO~2~ passivates defect states and F acts as an n-type donor in their 2011 report.^[@ref363]^ The passivation of surface defect states on microcrystals of anatase TiO~2~ was experimentally demonstrated by Rex et al. recently (2015).^[@ref364]^

A pivotal work in this regard is that by Ma et al. where they took both adsorption by F^--^ and doping in anatase TiO~2~ into account and conclusively explained the experimental knowledge amassed in this field so far.^[@ref365]^ The local geometric structures and local potential strengthen the Ti--O bonding in (101) and render it the most stable surface in vacuo. Another way of looking at the relative stability order is also the higher number of undercoordinated atoms in (001) (than (101), see [Figure [34](#fig34){ref-type="fig"}](#fig34){ref-type="fig"}a), which makes it less stable. However, the authors explained that F-capping strengthens the Ti--O bonding in (001) while weakening them in (101) based on their DFT calculations. This leads to the lower surface energy of (001) over (101) under F adsorption. Note that this is in contrast to the prediction made by Yang et al.,^[@ref331]^ where the strong Ti--F bonding was deemed responsible for the changes in surface energy. Ma et al. found that the contribution of the Ti--F bond strength in surface stabilization per se was quite small.^[@ref365]^ Instead, it was the higher electronegativity of F which withdraws electron density from the Ti--O bond to the Ti--F bond, changing the Ti--O bond strength in the process. F adsorption changes the local structure of the surfaces (see [Figure [34](#fig34){ref-type="fig"}](#fig34){ref-type="fig"}a, lower row), which particularly makes the orbital overlap between the Ti and the O atoms favorable for the (001) surface, especially the Ti5c and O2 in [Figure [34](#fig34){ref-type="fig"}](#fig34){ref-type="fig"}a. These observations rationalize the apparent dearth of literature reports on the influence of other halides (Cl, Br, and I) on TiO~2~ NCs since they exhibit little to no influence on TiO~2~ surfaces due to smaller electronegativity than the O atoms.

![Adsorption vs doping of F^--^ in anatase TiO~2~. (a) Ball-and-stick illustrations of optimized structures of {001} and {101} without (upper row) and with (lower row) F adsorption. (b) Schematic curve showing the changes in surface energies of {001} and {101} facets upon F adsorption and F doping. Surface energy order reverses upon adsorption and switches back upon n-type doping by F atoms. Reproduced from ref ([@ref365]). Copyright 2015 American Chemical Society.](cr-2018-00158z_0034){#fig34}

This study further demonstrates that upon n-type doping in TiO~2~ the surface energy order switches back to (101) being more stable despite F adsorption.^[@ref365]^ The n-type doping partly offsets the change in the Ti--O bond strength induced by F adsorption, leading to the switch. The electron withdrawal by the F adsorption can come from the n-doped bulk lattice sites instead of the Ti--O bonds and hence counter the stabilizing influence of F capping. A schematic of this scenario presented by the authors is shown in [Figure [34](#fig34){ref-type="fig"}](#fig34){ref-type="fig"}b. This explains the apparent discrepancy in the literature when it comes to increasing the percentage of {001} facets simply by increasing the F content of the growth solution, since different reaction conditions lead to varying levels of intrinsic and extrinsic n-type defects. A possible way of achieving a high percentage of {001} facets in the anatase TiO~2~ NCs will then be by eliminating n-type defects or counteracting them by intentionally introducing shallow p-type defects coupled with F-assisted synthesis.

4.2. ZnO NCs: F Doping of Nanostructures {#sec4.2}
----------------------------------------

The effects of F doping/adsorption have been explored in the case of zinc oxide (ZnO) NCs as well but not described as rigorously as has been done in the case of TiO~2~ NCs above. An important contribution in this regard was in 2017 from Papari et al., where they describe the implications of F inclusion in hydrothermally grown ZnO mesostructures.^[@ref366]^ Their electron paramagnetic resonance (EPR) measurements clearly indicate that the F atoms tend to occupy oxygen vacancies in the lattice, which induces the onset of luminescence centers. Similar quenching of oxygen vacancies has also been demonstrated for Cl doping of ZnO nanostructures.^[@ref367]−[@ref370]^ F atoms are unique with regard to occupying O sites owing to their similar ionic radii (ionic radius of F^--^ is about 1.36 Å, while that for O^2--^ being 1.4 Å). This resultant doping led to the increment of localized charge, but the authors found that the F doping does not amount to any substantial change of plasma frequency and only results in enhancing the scattering rate as a consequence of increased grain boundary density. From their systematic growth experiments, the authors also conclude that the proportion of smaller particles decreases as the concentration of F^--^ increased in the reaction mixture, an observation attributed to the etching effect of the halide ions during the microcrystal growth. The authors allude to the F adsorption on specific crystal facets during growth but have not shown much experimental evidence toward the same.

The above results from Papari et al. are in good agreement with the theoretical perspective provided by Liu et al. where it was argued that F doping is not an effective means of providing free carriers at room temperature. Their DFT calculations show that F substitution for oxygen is energetically favorable for ZnO and can effectively decrease oxygen vacancies. However, interstitial doping by F can also appear at high F concentrations. The authors reason that the high transition energies for these F substituents and interstitials can lead to them acting, respectively, as deep donor and acceptor levels and cannot provide free carriers at room temperature. The authors further conjecture that the concomitant increase in carrier concentration and mobility upon F doping observed by other authors in nanocrystalline thin films^[@ref371]^ might then be a result of surface passivation effect of F atoms.

Apart from doping by F atoms and its effects on the electronic structure of ZnO, several authors have discussed the influence of the presence of F species in the growth solution of the nano/microcrystals. For instance, Gao et al. reported that the presence of F additives in the solvothermal synthesis of ZnO microcrystals significantly affected the resultant morphology with shapes varying from spheres to hexapods and hexagonal disks.^[@ref372]^ Similar observations have also been made in the case of hydrothermal synthesis by Zhang et al.^[@ref373]^ and Lee et al.^[@ref374]^

4.3. Other Metal Oxide NCs {#sec4.3}
--------------------------

Besides the technologically relevant wide-band-gap metal oxides like TiO~2~ and ZnO, the influence of halide ions has received moderate attention in the case of other metal oxide NCs. For instance, the halide effect has been explored in some detail for the NCs of tin(IV) oxide (SnO~2~), another important wide-band-gap metal oxide.^[@ref375]^ In 2009, Han et al. reported a solvothermal synthesis of octahedron-shaped SnO~2~ NCs exhibiting high-energy {221} facets.^[@ref376]^ The octahedral morphology of the NCs was attributed to the coordinative effect of both the H^+^ and the Cl^--^ ions since the acidity of the growth solution played a major role in determining the shape of the resultant NCs. The presence of HCl affected the NC growth kinetics as it slowed down the hydrolysis of Sn^4+^ ions. Later in 2013 Wang et al. used sodium fluoride (NaF) as the morphology descriptor in a hydrothermal synthesis of SnO~2~ nanoflowers.^[@ref375]^ The hierarchical nanoflowers were assembled from 2D nanosheets that expose high-energy facets, and modulation of surface energy of different facets by F adsorption was cited as the reason, as also confirmed by DFT calculations by the authors. In an earlier report, the same authors also considered the effect of F ions on the growth kinetics of these nanostructures.^[@ref377]^

In an organic-phase synthesis of iron oxide NCs, Xu et al. showed that the presence of Cl^--^ or Br^--^ ions led to a cubic shape by stabilization of the {100} facets.^[@ref378]^ However, the role of halide ions was not properly delineated as the source of halide ions was the iron precursor itself (FeCl~3~). Ma et al. found that different halide ions (F^--^, Cl^--^, Br^--^, and I^--^) show varying effects on the morphology of α-Fe~2~O~3~ hollow nanostructures grown by solvothermal synthesis.^[@ref379]^ The authors suggested that oriented attachment and self-assembly of initially formed particles, leading to these morphologies, are dependent on the way the specific halide ions are adsorbed on the surface of the particles. A recent (2017) synthesis of gold--iron oxide NC heterodimers indicates that the presence of chloride ions enabled the nucleation and growth of iron oxide domains on top of the preformed Au nanoparticles at temperatures much lower than those in their absence.^[@ref380]^

In a study on copper-assisted size and shape control of In~2~O~3~ NCs, Selishcheva et al. found that when chloride ions were present in large concentrations (for example, when using both CuCl~2~ and InCl~3~) elongated In~2~O~3~ NCs were formed. Cu^+^ ions were considered the main species adsorbing to the surface of the particles.^[@ref381]^ However, Cl^--^ ions were found to affect the reactivity of In^3+^ and Cu^+^ ions in solution and therefore played an important role in regulating the final morphology of the particles. Prior to that, in 2011, Wang et al. found that the presence of Cl^--^ ions in the growth mixture of colloidal tin-doped indium oxide (ITO) NCs was responsible for the coalescence of growing NCs into nanoflower clusters.^[@ref382]^ It was hypothesized that the Cl^--^ ions being present on the surface of the NCs led to the dissolution and subsequent fusion of the nanocrystalline domains that are formed in the early stages of growth. Recently (2017), the incorporation of F^--^ doping in Sn:In~2~O~3~ NCs has been shown to yield highly faceted cubic morphology.^[@ref383]^

From the discussion in the above sections it is apparent that halide ions for metal oxide NCs have been mostly exploited as size- and shape-directing agents and not in postsynthesis surface functionalization as such. Some examples in Cu~2~O NCs also fit that description.^[@ref384],[@ref385]^ However, the role of halide ions in metal oxide NCs is not always easy to delineate since most syntheses of these NCs start with a metal halide precursor or employ a hydrohalic acid for pH adjustment. For a more robust exploration of the influence of halide ions in the case of metal oxide NCs, halide-free synthesis techniques should be a useful alternative, as have been developed for many metal oxide systems.^[@ref386],[@ref387]^

Iodide ions can have a strong influence on the reactivity of metal oxide surfaces when absorbed on such surfaces as they can act as hole scavengers. A typical material that is intensively studied is titanium dioxide.^[@ref388]−[@ref390]^ Another example is provided by Kim et al. on layered oxide semiconductors,^[@ref391]^ for which surface-bound iodide ions again can act as hole acceptors under band-gap excitation. There are also reports on metal oxide nanoparticles in conjunction with iodide ions as hole scavengers, see for example refs ([@ref392]−[@ref394]).

5. Metal Halide Nanocrystals {#sec5}
============================

Metal halide NCs require a different approach since the impact that halide ions induce in these NCs go way beyond their general surface activity as exemplified in other NC core compositions discussed so far. Being part of the NC core offers another level of tunability: that of optoelectronic characteristics simply through the changes in the halide composition of these NCs. The significant contribution of halide orbitals to the frontier orbitals in such compounds gives rise to this spectral tunability, and the following sections will exemplify this phenomenon in various classes of metal halide NCs.

5.1. Silver Halide NCs: From Photography to NC Growth {#sec5.1}
-----------------------------------------------------

Silver halides have been extensively studied, especially in connection to their use in photographic emulsions,^[@ref395],[@ref396]^ due to their tendency to darken under light, following the formation of Ag domains upon photoreduction of Ag^+^ ions. More recently, silver halides have found applications in various other fields, for example, as antimicrobial agents,^[@ref397]^ as photocatalysts,^[@ref398]^ and as fibers for mid-infrared spectrometric analysis.^[@ref399]^ Control over the size, shape, and composition of AgX microparticles has been an intensively explored area of research in the past, driven mainly by the photographic industry, since these parameters affect strongly the quality and sensitivity of the photographic films.^[@ref400]^ For example, the sensitivity of the film is proportional to the volume of the AgX grain: the larger the grain, the higher the sensitivity, although this holds up to a given grain size. Also, grain sizes around 0.3 μm scatter light strongly, and this in an unwanted effect as it decreases the sharpness of the image. The sensitivity is also dependent on the halide composition, with highest sensitivity reached using AgBr--AgI mixed crystals having a content of iodine in the 2--15% range,^[@ref400]^ but at the same time the iodide ions must be located inside the bulk of the crystals and not on the surface; otherwise, the sensitivity is again lowered. A wide range of synthesis methods and of formulations have been developed to prepare emulsions containing silver halides to be used as photographic materials. Such an extensive work has contributed greatly to understanding the parameters affecting the solubility of silver halides in various environments and the mechanisms of growth of AgX particles (for instance, how this is dependent on temperature, pH, and the presence of various complexing agents). With the advent of color photography, methods to control the shape of silver halide particles emerged. Since the color effect arises from the presence of sensitizing dyes adsorbed to the surface of the AgX crystals, particles with large surface-to-volume ratios were preferred in order to maximize the number of dyes adsorbed. Tabular grains became therefore widespread, and the mechanism of their growth (due to the formation of stacking faults on {111} facets) was studied in detail, together with the identification of the most suitable aspect ratios that needed to be attained to achieve optimal sensitization, considering also limits in the diffusion range of the photoelectrons and the overall mechanical instability of large tabular crystals.^[@ref400]^ The overall importance of these studies for colloidal nanoscience is that they have helped to shed light on the factors affecting the growth of colloidal particles and to strengthen the connection between theoretical models of nucleation and growth on one side and experimental results on the other.

Various approaches have been published in the past for the synthesis of AgX nanoparticles, a popular one being the use of microemulsions, especially if a good control over the size and size distribution of the particles is desired.^[@ref79],[@ref401]−[@ref405]^ In the case of silver iodide, it was noticed that one-dimensional nanostructures (rods, wires) were formed at \[I^--^\]/\[Ag+\] precursor ratios significantly higher than 1:1.^[@ref401]^ This result was explained as due to competition between the nucleation of AgX particles and the formation of various complexes involving Ag^+^ and I^--^ ions in solution. High \[I^--^\]/\[Ag+\] precursor ratios favor the formation of these stable complexes and tend to suppress the nucleation of AgI particles. The few nuclei formed are more constrained to grow following the tubular micellar template; hence, they evolve into rod or wire morphologies.^[@ref401]^ Another interesting way to control the size and composition of silver halide NCs, especially if ternary silver alloy NCs (for example, AgCl~*x*~Br~1--*x*~) are desired, is by carrying out the synthesis in solvents with high viscosity, such as ethylene glycol.^[@ref79]^ In fact, the halide composition of the ternary silver halide NCs was found to determine their shape.^[@ref406]^ The iodide-rich NCs were found to exhibit more twin defects, and the morphology evolved from cubic, bound by {100} facets, to hexagonal with {111} being the top and the bottom facets. The I^--^ ions were concluded to have higher affinity for the latter facets and hence stabilized them when present in larger quantities.

5.2. Halide Perovskite NCs: Tunable Emission through Fast Anion Exchange {#sec5.2}
------------------------------------------------------------------------

Halide perovskites have recently come in the spotlight for record high efficiencies in solar cells.^[@ref78],[@ref407],[@ref408]^ These are compounds with AMX~3~ composition (A and M are cations, X is Cl, Br, or I) and crystallize in the cubic-type perovskite lattice or in a lower symmetry lattice, isostructural to oxide perovskites. These structures are characterized by a 3-dimensional (3D) interconnection of their \[MX~6~\]^4--^ octahedra, with the A-site cation residing in the large voids in between. Many other structural and compositional variations to these archetypal materials have been the subject of intense investigation, including structures in which the octahedra are connected in 1D or 2D networks. However, the most intriguing characteristic of halide perovskites is tunability of their optoelectronic properties by varying their halide composition. Correspondingly, the other atomic constituents can also be chosen from a wide range of chemical elements. Consequently, the overall structural and compositional variety of perovskite (or perovskite-related) compounds that can be obtained is enormous (and so are their chemical and physical properties) and is not yet entirely explored. For example, research has been extended even to structures represented by arrays of disconnected units made of individual \[MX~6~\]^4--^ octahedra or \[M~2~X~9~\]^3--^ dimers of octahedra^[@ref409]^ as well as to oxyhalides^[@ref410]^ and chalcohalides.^[@ref411]^

Fueled by the surging interest in these materials, hybrid organic--inorganic and all-inorganic metal halide perovskite NCs have been developed and proposed as new contenders for optoelectronic applications,^[@ref75],[@ref412],[@ref413]^ due to their high efficiency in light emission, low energy threshold for lasing when the particles are organized in films, and ease of processability. Unlike other colloidal NCs that are relevant to optoelectronic applications (CdE, PbE NCs discussed above), all-inorganic CsPbX~3~ NCs are defect-tolerant nanomaterials which exhibit highly efficient optical properties even in the presence of surface defects, a characteristic attributed to their unique electronic band structure.

It is beyond the scope of this review to cover such a vast topic on halide perovskite NCs and related materials. Instead, the reader can refer to the many reviews and perspective articles that have been published on the topic so far.^[@ref75],[@ref78],[@ref412],[@ref414]^ Here, we will only outline the most important roles played by halide ions in these materials and again direct the reader to more in-depth studies in each case.

### 5.2.1. Halide-Dependent Optical Properties and Fast Anion Exchange in Halide Perovskite NCs {#sec5.2.1}

A first important aspect is related to the modulation in the optical properties based on halide composition. Both organic--inorganic and all-inorganic halide perovskites can be prepared with different halide stoichiometries, with the consequence that their band gap is easily tunable through a broad spectral range,^[@ref415]^ starting from the high-band-gap chloride perovskites to the low-band-gap iodide ones. The documented evidence that halide ions are mobile in these materials^[@ref416]^ together with the presence of a high density of halide vacancies explains the ease by which halide perovskites can undergo partial or complete anion exchange ([Figure [35](#fig35){ref-type="fig"}](#fig35){ref-type="fig"}a), even by mere exposure to hydrohalic acids.^[@ref417]−[@ref420]^ A recent study by Koscher et al. has shed some light on anion-exchange transformations in perovskite NCs ([Figure [35](#fig35){ref-type="fig"}](#fig35){ref-type="fig"}b).^[@ref421]^ For example, starting from CsPbBr~3~ NCs, the exchange of Br^--^ with I^--^ ions is fast, most likely because I^--^ ions form weaker bonds than Br^--^ ions with Pb^2+^, and the NCs form intermediate alloy structures. On the other hand, the exchange with Cl^--^ ions is slower. This is explained considering that Cl^--^ ions form stronger bonds than those of Br^--^ ions with Pb^2+^; therefore, they are slow diffusers. Also, partial exchange with Cl^--^ ions produces regions of different halide compositions within an individual NC. Partial anion exchange on halide perovskite nanowires, through a lithographic approach, has recently been shown to deliver individual nanowires with elaborate patterns of segments having different halide compositions, hence different emission colors.^[@ref422]^ These transformations in nanowires are exemplary as they demonstrate that anion diffusion and exchange in the perovskite lattice, at least in the case of nanowires, is apparently anisotropic: the halide ions do not seem to be able to diffuse from the unmasked regions to the masked regions of the wire and replace the halide ions present in the latter regions.

![Anion-exchange reactions in halide perovskite NCs. (a) Fast anion exchange on CsPbBr~3~ NCs leads to mixed halide NCs and then either to pure CsPbCl~3~ or CsPbI~3~ NCs. Hence, starting from a single sample of NCs emitting in the green region of the spectrum, NCs emitting in any region of the visible spectrum can be prepared. Reproduced from ref ([@ref419]). Copyright 2015 American Chemical Society. (b) Anion exchange with iodine in CsPbBr~3~ NCs is surface-reaction limited: once the I^--^ ions enter the NCs, all anionic sites inside the NC can be equally exchanged. Partially exchanged NCs have a homogeneous alloy phase, as evident also from the optical spectra. Cl^--^ ions instead have limited mobility in the NCs, so that exchange proceeds through intermediate stages in which the NCs have regions of chloride-rich or iodide-rich composition. Consequently, variations in the optical absorption and emission spectra are less smooth than in the iodide-exchange case. Reproduced from ref ([@ref421]). Copyright 2016 American Chemical Society.](cr-2018-00158z_0035){#fig35}

### 5.2.2. Improved Stability and Optical Properties in Halide-Rich Perovskite NCs {#sec5.2.2}

Various recent works have investigated how the growth conditions, especially if these are halide rich or halide poor, can impact on the overall optical properties of the resulting perovskite bulk crystals and NCs. For instance, Kang et al. calculated that in the case of CsPbBr~3~ moderate or Br-poor conditions can reduce the density of defects in this material with beneficial effects for the optical properties.^[@ref423]^ On the other hand, various experimental works on perovskite NCs have shown that halide-rich conditions lead to NCs that are more stable and of higher optical quality. A recent report from Jeong's group describes an effective passivation strategy of CsPbX~3~ NCs by introducing metal halides on the NC surfaces through an in situ synthesis.^[@ref424]^ The authors used metal bromides (e.g., ZnBr~2~, InBr~3~, CuBr~2~, etc.) or metal iodides (e.g., ZnI~2~) as an additional source of halide ions in the synthesis of CsPbBr~3~ and CsPbI~3~ NCs. These salts were introduced in the reaction mixture during the standard NC synthesis procedure, based on the report by Protesescu et al.^[@ref425]^ The improved structural stability of the resulting NCs (which translated into stable physicochemical properties in ambient conditions) was ascribed to a halide-rich (actually, lead-halide-rich) surface, as revealed by XPS analysis. Also, perovskite NCs prepared according to the standard synthesis of Protesescu et al. had a propensity to undergo lateral fusion upon aging, which was prevented by such halide passivation. This translated into an increased retention of the PL quantum yield of the halide-passivated NCs. Similar to their earlier work on PbSe NCs described above,^[@ref69]^ the authors attributed this improved stability to the formation of a lead bromide adlayer on the surfaces of the NCs and/or native lead bromide surface termination that was facilitated by the presence of species like ZnBr~2~ which altered growth conditions. Later, Di Stasio et al. used a similar passivation strategy, albeit postsynthetic in nature, using lead bromide treatment on CsPbBr~3~ NC solid state films to obtain near-unity PLQY.^[@ref426]^ Another possible reason for the improvement in PLQY and stability in halide-rich perovskites is that they should have a low concentration of halide vacancies. Depending on the type of materials, these vacancies should form trap states that are shallow or deeper. For example, in cubic MAPbX~3~, iodine vacancies are shallower than bromine and chlorine ones.^[@ref427]^ In any case, such trap states would cause a decrease in the radiative recombination efficiency.

Another synthetic route by which it is possible to tune the composition of the CsPbX~3~ NCs is the so-called "three precursors" approach. It consists in the dissolution of Cs^+^ and Pb^2+^ cations in fatty acids, after which an alkylammonium halide salt is introduced.^[@ref428]^ Li et al. used this procedure to prepare CsPBX~3~ NCs for use in lighting and display applications.^[@ref429]^ Working under Br-rich conditions, they found (by XPS analysis) that Br-rich surfaces (with Br:Pb ratios around 3.6--3.7:1, that is, higher than the 3:1 stoichiometric ratio) led to higher PLQYs. This was explained as due to a surface passivation of the CsPbBr~3~ NCs by a PbBr~*x*~ shell characterized by a higher band gap, similar to the traditional CdSe/ZnS core/shell NC case.

Following a similar goal of controlling the surface composition, Imran et al. devised a new synthesis approach based on benzoyl halides as halide precursors.^[@ref430]^ These are injected into a solution of metal cations and ligands (oleylamine and oleic acid). Benzoyl halides are highly reactive chemicals, and their introduction in the reaction environment immediately starts the nucleation and the growth of metal halide NCs. With this method either all-inorganic or organic--inorganic, phase-pure APbX~3~ (A = Cs, MA or FA and X = Cl, Br or I) NCs with control over the size distribution could be grown. By dosing the amount of benzoyl halides added (hence the concentration of halide ions) it was possible to synthesize NCs with a surface rich in halide ions, which again translated into higher optical properties, phase stability, and also higher phase purity compared to the more standard synthesis approached to perovskite NCs. On a broader perspective, much work in underway in various groups to understand the type of surface termination and ligand passivation of halide perovskite NCs depending on the synthesis conditions and how this influences the optical quality and overall stability of the NCs.^[@ref431]^

### 5.2.3. Visible-Light-Induced Anion Phase Segregation in Mixed-Halide Perovskites {#sec5.2.3}

This effect has been systematically observed and discussed extensively in films of hybrid methylammonium halide perovskites with mixed Br/I composition (MAPb(I~1--x~Br~*x*~)~3~) and consists in the segregation, driven by light, of iodide ions in low-band-gap domains that are iodide rich and high-band-gap domains that are bromide rich, an effect that is detrimental for solar cells.^[@ref432]−[@ref434]^ This is again a consequence of the high ionic mobility in these materials. Mixed-halide perovskite NCs can also be prepared routinely by direct synthesis or by postsynthesis anions exchange, as discussed previously. It is not clear, to date, how light-induced anion segregation operates in the corresponding mixed-halide NCs. Lignos et al. synthesized formamidinium lead halide perovskite NCs using a microfluidic approach and found that FAPb(Cl~1--*x*~Br~*x*~)~3~ NCs with a chloride content over 40% were unstable and rapidly decomposed into nonemitting FAPbCl~3~ NCs and Br-rich FAPb(Cl/Br)~3~ NCs.^[@ref435]^ While it was not clarified by the authors whether this was a direct consequence of irradiation by visible light, the observed effect was most likely recorded under irradiation conditions.^[@ref435]^

6. Outlook {#sec6}
==========

In this review, we have given an account of the many roles played by halide ions in the synthesis and postsynthesis processing of NCs. As synthesis methods of nanoscale materials develop further and their implementation in devices becomes more standardized, some important developments are foreseen. First, a more detailed understanding of the interaction of halide ions with the surface of NCs is required. Halides hardly interact with the surface as naked ions but rather in synergy with the ligand molecules already present on the surface and/or with other molecules from the growth medium. Understanding the mechanisms of these interactions and their influence on surface stability and electronic properties of the particles will require extensive experimental investigations and computational modeling. Perhaps one can say that this type of investigation has reached maturity for some classes of materials, mainly the noble metals, simply because they have been studied for many years. In comparison, semiconductor NCs remain much less explored. Given the dramatic effects that even trace amounts of halide species can have not only on the synthesis of semiconductor NCs but also on their optoelectronic and electrical properties, many efforts need to be devoted in this direction. This will be especially true in the case of two-dimensional materials, which are so either because of their layered structure or simply because they can prepared in nanosheet or nanoplatelet shapes. A remarkable example was given in this review for the case of PbSe nanosheets. Overall, however, it remains to be seen whether over time the community will be able to elaborate a comprehensive and predictive scheme of the role of various chemical species or, more broadly speaking, of the reactions conditions in the kinetics and thermodynamics of growth of nanomaterials. To date, achieving a specific size and shape for a given namomaterial is still rather an art than a consolidated science, and models for size and shape evolution are still being intensively developed.^[@ref436]^

Halides are an important constituent of halide perovskites, which have come under the spotlight recently as promising materials in photovoltaics and light-emitting devices, as discussed in the previous section. Such surge of interest in halide perovskites has sparked research in studying phenomena such as halide ion diffusion and exchange and their role in the optoelectronic properties and stability of this important class of compounds. Reports on perovskite NCs and their postsynthesis transformations have followed suit. Both fundamental and practical problems arise when interfacing halide perovskites (both as thin films of micrometer size crystals or NCs and as bulk single crystals) with other materials in devices: for example, one needs to understand the electronic structure and alignment of levels at such interfaces, which calls for a fine study of the structural and compositional nature of these interfaces. Metal oxides and inorganic semiconductors have rather rigid lattices, whereas halide perovskites, especially those incorporating alkylammonium ions, have much softer lattices, characterized by intense vibrational dynamics. This raises a question on whether there can be a stable epitaxial interface between a soft and a rigid lattice, which boils down to how such interface can be realized, and this is where the investigation of the interaction of halide ions with the surfaces of traditional inorganic materials kicks in again. Halide perovskites with different halide compositions have markedly different stabilities in terms of both structure and reactivity toward various external agents, and halide ion segregation can occur under various circumstances. As we speak, the reasons underlying these phenomena are not sorted out entirely. Nevertheless, efforts on interfacing halide perovskite NCs with different inorganic materials are proceeding at a sustained pace.^[@ref437],[@ref438]^

An extreme case of nanomaterials grown in a halide-rich environment is represented by the synthesis approaches using salt melts as media. For example, Lei et al. in 2011 synthesized boron carbide nanostructures in a LiCl/KCl salt melt. This type of approach can be considered "green", and the materials that are prepared are soluble in water.^[@ref439]^ Also, because high temperatures can be reached in salt melts, one can envisage the synthesis and manipulations of entire classes of materials that now cannot be fabricated by solution methods given the temperature limitation of traditional chemicals used in colloidal chemistry. Another fascinating direction in the use of mixtures of molten salts characterized by low boiling points resides in the postsynthesis processing of NCs.^[@ref440]^ Here too, the reported salt melts are essentially metal halides. In addition, to provide a stable medium for a wide variety of nanocrystalline materials, these mixtures have been shown to be an optimal environment for curing structural defects in classes semiconductor NCs (for example, the III--V semiconductors) that would otherwise require temperatures that are too high for most organic solvents and surfactants.^[@ref441]^ Preliminary computational studies have shown that the solvent ions bound to the surface of the NCs give rise to oscillations in the charge density in the region of solvent surrounding the particles, and this somehow stabilizes the NCs and avoids inter-NC aggregation.^[@ref440]^ One can imagine that this field will expand further by the identification of reactant species that elicit various types of postsynthesis transformations in NCs.

Clearly, the use of salt melts calls for a completely new set of studies aiming at identifying new precursors species and their interactions in environment so rich in halide ions. All of these new types of NCs will have their surface passivated with halide ions, and this in turn will stimulate research in how such type of passivation will influence the stability and the electronic behavior of the NCs once removed from the molten salt medium and transferred into another environment. We have already seen that for NCs made of the archetypal type of covalent lattice, namely, silicon, halide passivation brings about severe changes in stability and electronic properties. A similar pattern should be expected for NCs of other strongly covalent materials.

Another interesting direction in the NC community is represented by the encapsulation of emitting semiconductor NCs in an alkali halide matrix to provide improved stability from exposure to heat, light, and moisture. Recent works include the synthesis of NaCl-protected CdTe and CdHgTe NCs emitting in the near-infrared.^[@ref442],[@ref443]^ This approach has been extensively tested on halide perovskite NCs, for instance, by encapsulating them in a potassium halide matrix or even in a matrix made of Cs~4~PbX~6~.^[@ref444],[@ref445]^ Noteworthy in this respect is the work on semiconductor quantum dots (essentially PbS) embedded in a bulk halide perovskite matrix, a film which was characterized by excellent optoelectronic properties.^[@ref446]^ This was traced back to the efficient conversion of carriers generated in the perovskite matrix into an exciton localized in the PbS NCs. This aspect brings us back to the open questions related to interfacing of halide perovskites and other inorganic materials mentioned earlier. In principle, different types of halide-containing shells or matrixes embedding inorganic NCs can be used to modulate the dielectric constant of the medium surrounding the NCs, providing an additional tool to tune their optical properties. This field of research is at its beginning, and we foresee many interesting developments in the coming years.
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